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Higgs mechanism of EWSB can be realized with both the well known minimal model and more complex non-
minimal Higgs models.

These non-minimal models contain new Higgs bosons — neutral h, and charged Hhi Necessary step in the
discovery of such model is observation of these additional Higgses. We discuss the potential of such researches
at modern and future colliders in the light of recent LHC results, for wide set of models, including 2HDM as a
simplest example.

Our conclusion is rather pessimistic. The discovery of new neutral Higgs bosons at LHC is in general a very
difficult task. (Nevertheless, some favorable values of parameters of the theory can exist, allowing such obser-
vation.) We propose the regular way for the discovery of models, which consists in the study of processes with

production of charged Higgs bosons (better, at Linear Collider).

1 Introduction

This report continues the series of papers [1]- [5].

We base on the following interpretation of modern data [6].

1. Higgs boson i with mass 125 GeV is discovered at LHC.

2. Its properties are close to those in minimal Standard Model (SM) [7], i.e. SM-like scenario (sect. 1.3) is
realized.

This situation does not exclude an extended Higgs sector (Beyond Standard Model - BSM). Higgs mech-
anism of EWSB can be realized with both well known minimal model and more complex non-minimal
Higgs sector, containing new neutral Higgs bosons /, and charged Higgs bosons H hi

Here we consider from common point of view a large group of BSM models with more or less standard
description of Higgs phenomenon but with richer set of fundamental scalar fields. Those are models
with n fundamental weak isodoublets, p, complex weak isosinglets S; and p; real weak isosinglets S,:
nHDM + p(HS:M) + p1(HS,M). The models of this group are under wide discussion now.

Examples:

1HDM —model with single Higgs doublet don’t allow CP violation and FCNC. This model is commonly
referred to as SM (Standard Model).

2HDM with huge literature — see e.g. [8], [9]. At some values of parameters, 2HDM can explain CP
violation, FCNC, etc. At other values of parameters, 2HDM gives Dark Matter (Inert doublet Model)
(without CP violation in Higgs sector and FCNC) (see e.g. [10]). One more set of parameters realizes
Higgs sector of MSSM.

2HDM + 1(HS:M) describes Higgs sector of nMSSM (see also [12]).

3HDM at suitable set of parameters describes models with Dark Matter and possible CP violation and
FCNC [13,14].

nHDM atn > 3, in particular n = 6 [15], can describe Dark asymmetric Matter (see e.g. [16]).

*Ginzburg@math.nsc.ru



1.1 Relative couplings 1 INTRODUCTION

These models give n — 1 pairs of charged Higgs bosons Hhi with masses Mbi and 2n — 1+ 2py + pq
neutral scalar Higgs particles /1, with masses M,, having either definite or indefinite CP parity (in the
latter case we have CP violation). Variants with suitable Yukawa sector allow to have flavour changing
neutral currents (FCNC), etc.

O We don't discuss models with alternative explanations of situation or (and) with additional mecha-
nisms, supplementing or changing the standard Higgs mechanism — little Higgs, orbifold, radion, mod-
els with Higgs triplets,... We have not found a general description for this group of models.

e To identify the model, it is necessary to measure many parameters. They can be subdivided for
three group. The first group consists from masses M,, MbjE of all particles h,, Hbi. The second group
contains couplings of neutral Higgses with gauge bosons, x (see (1)). The third group contains Higgs
self-couplings (for 2HDM minimal set of such observables can consist from 3 triple couplings H"H™ h,
and one quartic coupling H*H-HTH™ [4]).

Main subject of this report is the observation of additional neutral Higgses h,. Such discovery is a
challenge for the next stage of LHC and e*e~ LC. A number of papers, devoted this task, study differ-
ent non-minimal models with various benchmark parameters of new particles and (or) parameters of
Lagrangian [17]. They usually find that many "natural" approaches in these problems turn out either
non-realistic or very difficult (for example, demand extremely high luminosity integral).

In this report we show that such conclusion is not caused by an unfortunate choice variant of non-
minimal model or its parameters but is general feature for all models of the considered class with almost
arbitrary parameters, compatible with modern data (sect. 1.3). To come to this conclusion we use sets of
Sum Rules (sect. 2) which form either extensions of known in 2HDM Sum Rules for more wide class of
models with arbitrary set of parameters or new Sum Rules founded recently.

1.1 Relative couplings

We use the relative couplings for each neutral Higgs boson h,:
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The quantities x. are the ratios of the couplings of h, with the fundamental particles
P=VW,Z), q=tb,., { = 1,..to the corresponding couplings for the would be SM Higgs bo-
son with Mj, = M,. The other relative couplings describe interaction of /, with charged Higgs boson

+ —
H;t The quantity x? describes interaction H;f H, h,, the quantity Xf’? "™ describes off-diagonal in-

teraction H;[ WTh,. (Below we omit the adjective "relative” and subscript b for the models with single
charged Higgs boson H™.)

The neutrals 1, generally have no definite CP parity. Couplings xY and x7? are real due to Hermiticity

of Lagrangian, while other couplings are generally complex. The Re( )d: ) and I'm( )({,r ) are responsible for

the interaction of fermion f with CP-even and CP-odd components of /1, respectively.

1.2 Conditions for CP-conservation

In the CP conserving case some of /i, are scalars, others are pseudoscalars. In this case we have

)(5 for each fermion f |. ()
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(In the 2HDM with CP conservation we have h3 = A (pseudoscalar) and X;,/ =0, ch =0, Im( )(12( 1) =0,
Re( Xf ) = 0. In this model the relationship (2¢) follows from the (2a).)
1.3 Modern status. SM-like scenario

The intensive study of recently discovered Higgs boson makes very probable that the SM-like scenario
[18], (or SM alignment limit [19]) is realized in the nature:



2 SUM RULES

1) Single observed Higgs boson & has mass M, ~ 125 GeV, we denote it as h;.
2) Its couplings to fundamental particles P (gauge bosons V and fermions f) are close to the SM expec-
tations within experimental accuracy (see e.g. [7]):

sp:‘l—\xf|2‘<<1 (P=V(W,Z), f=(tb1,.). @3)

This statement remains only a plausible hypothesis before we are able to measure the coupling with a
sufficient accuracy.

The existence of SM-like scenario don't close the doors for realization of non-minimal Higgs models. No doubts
that the SM-like scenario in the non-minimal model can occur if additional Higgs bosons are very heavy
and are coupled only weakly with usual matter (decoupling limit) (see e.g. [8]). 15 years ago it was
found that, at finite inaccuracy of future experiments (at both the LHC and the planned high energy
eTe™ collider), even the simplest non-minimal model 2HDM with the special choice of the Yukawa
interaction 2HDM-II allows several possible windows significantly differing from the decoupling limit
and admitting the SM-like scenario [18]. Naturally, such windows exist in other models as well.

The future experiments reduce ep and, consequently, the region of the allowed parameters of each non-
minimal model.

2 Sum Rules

The freedom in parameters of discussed models is limited by Sum Rules (SR), which are going to be the
key point in our discussion.

e The coupling of the EW gauge boson V to each neutral Higgs scalar /1, (x¥) is real due to Hermiticity
of Lagrangian. In models like nHDM (with p; = 0) x% = x!¥ = xV.

These xY coincide with elements of rotation matrix, describing transition from neutral components of
Higgs fields ®; to the physical neutral Higgs bosons h, in the Higgs basis. The unitarity of this transfor-
mation matrix results in the Sum Rules, which are valid for all discussed models both with and without
CP violation:

Y =1, Y(x&)*=1: ’all Higgs models with doublets and singlets |. 4)

a a

This argumentation spreads the approach of [4] developed for the most general 2HDM. (For particular
case of 2HDM such SR’s were obtained in [20], [1]). One can say that these SR’s mean that masses of
gauge bosons are given by the single v.e.v. v.

e The couplings )(5 of each definite fermion f (quark or lepton) to all neutral Higgs scalars h, are gen-
erally complex. The Sum Rules for these couplings naturally appear in models nHDM + poHSnp M +
p1HSn1 M at arbitrary n and p;, where weak isosinglets are not coupled with fermions. To prove this,
we start with Sum Rule proved for 2HDM with definite Yukawa interaction (Model I or Model II)
in [20], [18], [1]. Let us write general Yukawa term for interaction of down-type fermion f to neutral
components! Pjo of pjas ALy = }; g]-fl/_ﬁ4>]~,otpf. Simple reparameterization 9”3,0 = NY,gjfPjo (Where
N - the normalization factor) transforms this term to the form ALy = g} ftV(Pi,Oq) 7, which coincides with
that for Model I (or II) in 2HDM (we call that f-selective reparameterization basis [4]). For the latter case
Sum Rules have been proved in [20,21] in the form?

Y ( )({1( )2 =1: ’ models without Yukawa interaction with isoscalars S;
a

: )

Our argumentation shows that these SR’s are valid for much more general class of models than those
discussed in [20,21].

e The non-diagonal couplings to EW gauge bosons HXW¥h, are generally complex. The Higgs poten-
tial is naturally invariant under rephasing transformation ¢; — ¢ie'*i, compensated by the corresponding
phase rotation of some coefficients. This rephasing freedom results in the phase freedom of couplings

ISimilar argumentation is valid for up-type fermion with the change b0 = b

2 Another proof of these SR’s is similar to that developed in [4] for 2HDM. Couplings X£ can be expressed via couplings x,

xH"W™ and parameters of transformation of Higgs basis to the f-selective basis. The orthogonality of this transformation leads to
SR’s (5).



3 CONSEQUENCES FROM SR’S IN THE SM-LIKE SCENARIO

)(fiW; — Xfiw¥eiﬁ, keeping phase differences between XfiVﬁ for different a. The SR’s for these
quantities were obtained firstly in [4] for the most general 2HDM. The method of derivation of these
SR’s allows to extend result for all models with single charged Higgs boson and arbitrary number of

Higgs singlets, 2HDM + p,(HS:M) + p1(HS:M),

IXVI2+ [xHEWF 2 =1 ’2H DM +isoscalars, with arbitrary Yukawa sector |. (6)

{ Some relations for different Yukawa sectors in 2HDM. The Yukawa couplings for different fermions
are generally independent on each other. In some widely discussed models of Yukawa sector these
couplings are correlated.

For the 2HDM-I, the f-selective bases coincide for all fermions, f; = By, §t = ¢, and
= X=Xk (7a)

u

Xa

For the 2HDM-II, the u-selective bases coincide for all up-quarks, and the d-selective bases coincide for
all down quarks, B, = /2 — Bt = B, ¢y = ¢, ¢+ = 0. In this case the pattern relations among Yukawa
couplings for different fermions take place [1]

X+ xhxy =1+ xixt. (7b)

3 Consequences from SR’s in the SM-like scenario

3.1 Scalar sector

1. Because of (4), couplings of neutrals /, to gauge bosons ! are small (these Higgses are gaugefobic),

i P <ev <1, (®)
2. Because of (6), (4), the absolute values of non-diagonal couplings to EW gauge bosons x},’viH; are
close to their maximal values while similar coupling for the observed Higgs ;&‘/i HT s small:
+ +
a) TP AL ) TP ey <1 ©)

(The calculations of H~ — W™ h; decay at LHC in [22] are made in the specific case of CP-conserving
2HDM and, in fact, in the case when strong SM-like scenario is violated.)

3.2 Yukawa interactions

The SR’s for couplings to the given fermion f (5) can be written as }_ ( X{; )2 ~ 0. We will write here

a>2
about the most important case f = t. Since couplings x/, are generally complex, this SR can be saturated
by different ways, we discuss the simplest limiting cases

a) Ixt| <1 forall hy, (10a)
b) 6D) Ixbl = x> I) |xil=1/xd > 1, (10b)
c) X, | =~ |xh | >1, xb, ~ixh, ~ for some hy, and hy, . (10¢)

The case (10a) provides no new interesting opportunities in the discovery of h,.

In the opposite case, if some couplings x/, are large in their absolute value, new interesting opportunities
appear’, depending on variant of organization of Yukawa sector.

The eq. (10b) describes two limiting options in the organization of Yukawa sector. The case (bI) corre-
sponds to the Yukawa sector similar to that in 2HDM-I. The case (bII) corresponds to the Yukawa sector
similar to that in 2HDM-II.

One particular opportunity in saturation of (5) is described by eq. (10c). In this case the absolute values
of couplings x;. are large only for two neutrals ,. For one of these neutrals Re(x% ) > Im(x,,), for
another neutral the imaginary part dominates. (This variant can be realized in CP conserving 2HDM
with hg, = H, hgy, = A.)

The opportunities (10b) and (10c) can coexist or not coexist.

3The standard perturbative estimates, used here and in other papers, become invalid if this coupling is enormously large, at
| )(21 | > 27T we come into the region of the strong interaction in Higgs sector, transferred by t-quarks.



4 PROPERTIES AND PRODUCTION OF NEUTRAL HIGGSES Hy

4 Properties and production of neutral Higgses h,

In all considered models the masses M;~1 and MbjE as well as some couplings of neutrals to vector bosons
can be treated as independent free parameters, limited only by SR’s written above. (The theoretical limi-
tations for the masses can result from some additional hypotheses, implemented in model.) Some triple
and quartic couplings are also independent parameters of theory (see 2HDM [4] where this complete
set contains masses of Higgs bosons M,, M, two of three couplings xV, and couplings g¢(HTH™h,),
¢(H"H™H"H™)). The Yukawa couplings form additional set of input parameters.

For definiteness, we assume* M, > 150 GeV and | X£| < 40 for f # t. To make some statements
more transparent, we will compare discussed quantities with those for the would-be SM Higgs bo-

( (wb)

son having the same mass H swj\/?) (M,), for example total width I'g,,”(M,) and some cross sections, like

wb
o (gg — h|M,).

Some conclusions below about total width and observability can be changed by effects of moderately
strong interaction in Higgs sector with large triple Higgs vertices like h1;/11 11, etc. They should be con-
sidered separately. Here we neglect this opportunity.

4.1 Effects from coupling h, to gauge bosons

For the would be Higgs boson with mass M, > 150 GeV the main contribution to the width comes
from the decays h — WTW~ and h — ZZ. These decays and processes like W fusion provide the

main signal for detection of the Higgs boson. The production of this H g\f) (M,) through a gauge
vertex provides the best signal/background ratio and the least inaccuracy in the measurement of
its parameters both at the LHC and at the LC. We present, for example, some properties of the
would-be SM Higgs boson with mass M = 300 GeV.

) =84GeV, BRUw (I — bb) ~0.0008, Tiny (1 — gg) ~ 3.4 MeV. (11)

r

For the actual Higgs bosons with mass M, > 150 GeV, according to eq. (8),

(i) Ty < TS0 (M),

(it) The decay h, — WTW ™ /ZZ is suppressed, observation of h, via this decay is hardly probable.

(iii) The search for new neutral Higgs bosons in the W fusion at the LHC, ete™ — Zh, and ete™ — virh,
at the ILC, and ey — vW™h, at the PLC (photon collider) cannot be successful [2], their cross sections

are roughly by one order of value lower then those calculated for Héu]\f) (M,).

4.2 If h,tt interaction is enhanced

The decreasing of partial widths and production cross sections, caused by small coupling to gauge
bosons can in principle be compensated by the interaction h,ft (cases (10b), (10c)) mainly via the in-
creasing of the cross section of gluon fusion.

The cross section of gluon fusion o(gg — h,) is saturated by contribution of t-quark loop (just as two gluon
width of Higgs boson I's®). Therefore, this cross section is enhanced comparing with the would-be SM
case by a factor |x,|?. In the one-loop approximation

0(8g = ha) = o3y (88 — hIMa) [|Re(xb) 2+ |1m(x) P07 E) (amF / M2)] (12)

Here ®(©/E)(r) is the ratio of two well known loop integrals, defined for CP-odd and CP-even Higgs
bosons respectively (see e.g. [23]), at M, = 300 GeV we have ®(O/F) () ~ 2.7.

The case M; < 350 <+ 400 GeV.

In this case Higgs boson /, is very narrow. However it can be obtained in some cases due to enhance-
ment of production cross section.

4The opportunity that some neutrals are lighter than 125 GeV cannot be excluded, but this opportunity is strongly constrained
by modern data.



5 USING OF CHARGED HIGGSES, ETC.

v If Yukawa sector is similar to Model I (variant (b)), we have x? ~ x%. For the Hg\f) (M,) we have

the BRg};) (h — bb|M, > 200 GeV) < 0.003, therefore the bb channel for the hunting for such Higgs is
practically closed. Oppositely, at [x| ~ [x4| = 1 one can hope to observe &, as the narrow peak in the

production of bb pairs at LHC.

Benchmark example for CP-even /i, with M, = 300 GeV — compare (11).

Le

-+

X5 = x5 =6, |x¥| = 0.2, In this case

T(hy — bb) = |x5]? - 7 MeV ~ 250 MeV,

T(hy — WHYW~(ZZ)) = |xJ |> - 8.4 GeV ~ 340 MeV,

T'(hy — gg) = [x5]? - 3.4 MeV ~ 120 MeV.

It gives ', &~ 0.7 GeV with BR(hy — bb) = 0.36.

The cross section 0 (gg — hy — bb) ~ \)(Z|2Ué§'\f) (gg — h|My)BR(hy — bb).
The account of CP odd admixture in ki, increases result — see (12).

v If My > 250 GeV and hyhihy coupling is high enough, the process gg — hy — hih; can be seen as
resonant production of h1h; pair. It allow in principle to discover i, at LHC (see examples in [24], [25],
[26]). Similar opportunity is absent at e™e™ colliders.

If both neutrals mentioned in (10c) are not very heavy, M,,, M,;, < 350 GeV, one can hope to observe
two narrow peaks in bb production, well separated from each other in general.

V If Yukawa sector is similar to Model II (variant (bIl)), the eq. (7b) results in )(2 ~ 1/x%. In this case the

¢¢ partial width can be even larger than the bb one. The cross section 0(gg — h, — bb) ~ aéi‘\’db) (g9 —

h, — bb), and it is difficult to hope for observation of signal of this process in comparison with back-
ground signal gg — bb.

The case M, > 350 GeV.

In this case the contribution of h, — tf decay is enlarged so that one can hope to see h, in tf mode (see
interesting analysis in [27] for particular case of 2HDM-II).

If both neutrals, mentioned in (10c) are heavy, M,, > 350 GeV, M,, > 350 GeV, one can hope to observe
either two separated enhancements in tf production or even one enhancement (at |My, — M,,| < Ty, +
Iy,).

e Two photon width. The widths h;, — 7, h; — Z< are described by loop integrals with W-loop
(contribution is « xV), t-loop (contribution is & x%), and H™ loop (contribution is o XF). The knowledge
of all masses and couplings xY don’t limit values of I'(k, — ) even in 2HDM [4].

As it was found for the simple SM-like scenario (x, ~ 1) for 2HDM in [18], at Xli ~ 1 the contribution
of the charged Higgs loop into I'(h; — 77) reduces the mentioned width by about 10% , that is within
modern inaccuracy of data. One can also realized SM-like scenario with x, =~ —1. In this case two
photon width can be enhanced by factor 2 + 2.5 vs SM value [18], which contradicts to modern data.
However variation of )(fc can reduce this enhancement (see modern studies in [28]).

e Many results obtained in recent studies can be treated as examples of discussed general picture for
separate sets of parameters and particular models. Our discussion shows that almost negative results of
many such studies have the common origin.

Some authors, estimating opportunities of future experiments, in fact either don’t take into account
realization SM-like scenario or assume only its weak version (see e.g. [29]). Some of their results can be
treated as too optimistic if it appears that the strong SM-like scenario is realized indeed.

5 Using of charged Higgses, etc.

Here we limit ourself by the group of models with single charged Higgs boson H* (models 2HDM +
p2(HS:M) + p1(HS,M)). The discovery of this charged Higgs boson and the study of its decays should
be discussed separately. Below we assume that the mass M¥ is not extremely large and these particles
have good signature.

In the SM-like scenario (3) the Sum Rules (6) shows that the coupling H +WTh, is weak while the cou-
plings HEW¥h, with a > 2 are close to possible maximal value (9). It gives following results:
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e The partial width T(H* — WThy) is small, while at M* > My + M, the partial width T(H* —
Wh,) is relatively large (2 > 2) — see for example [30].

e The production of Higgs boson h; in association with HX*WT or in decay HT — W'hy is hardly
observable.

o The search for Higgs bosons &, can be successful in the following channels:
9142 — H" ha, 97 — WTH*h, at LHC,

ey — vH hy,eTe” — HE*WTh, atete™ collider,

vy — H*WTh, at PLC (Photon Collider).

Some calculations of this type for special variant of 2HDM can be found in [31]. Certainly, ete™ collider
and PLC have advantages due to much better background conditions.

6 Summary

The big class of Higgs models with arbitrary Yukawa sector obeys simple Sum Rules (4)-(6), helpful for
analysis of future experiments with searching for phenomena beyond SM.

Assuming that the SM-like scenario is realized, for wide class of Higgs models many now discussed
ways to observe additional neutral scalars (new Higgses) are difficult (or inaccessible).

The production of &, together with charged Higgses looks as the most perspective approach.

One can consider the opportunity to find scalars i, with mass M, < 350 GeV as a relatively narrow
peaks in bb and (or) hyhy channels at LHC.

We hope that similar picture is realized in many other models.
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