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The double Higgs production in the models with isospin-triplet scalars is studied. It is shown that in the see-saw
type-IT model, the mode with an intermediate heavy scalar, pp -+ H+ X — 2h+ X, may have the cross section
that is comparable with that in the Standard Model. In the Georgi-Machacek model, this cross section could
be much larger than in the Standard Model because the vacuum expectation value of the triplet can be large.
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1. INTRODUCTION

After the discovery of the Higgs-BE boson at the
LHC [1], the next steps to check the Standard Model
(SM) are the measurement of the coupling constants of
the Higgs boson with other SM particles (tt, WW, ZZ,
bb,T7,...) with better accuracy and the measurement
of the Higgs self-coupling that determines the shape of
the Higgs potential. In the SM, the triple and quartic
Higgs couplings are predicted in terms of the known
Higgs mass and vacuum expectation value. Devia-
tions from these predictions would mean the existence
of a New Physics in the Higgs potential. The triple
Higgs coupling can be measured at the LHC in dou-
ble Higgs production, in which the gluon fusion dom-
inates: gg — hh. However, the 2h production cross
section is very small. According to [2], the cross sec-
tion at /s = 14 TeV is oVNLO (g9 — hh) = 40.2 fb
with a 10-15% accuracy. For the final states with rea-
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sonable signal /background ratios (such as hh — bbyy),
only at the HL-LHC with the integrated luminosity
[ L£dt =3000 fb~" will the double Higgs production be
found and the triple Higgs coupling will be measured
[3]"). We seek the extensions of the SM Higgs sector in
which the double Higgs production is enhanced.

One of the well-motivated examples of a nonmin-
imal Higgs sector is provided by the see-saw type-II
mechanism of neutrino mass generation [7]. In this
mechanism, a scalar isotriplet (A*+, AT A%) with the
hypercharge YA = 2 is added to the SM. The vacuum
expectation value (vev) of the neutral component va
generates Majorana masses of the left-handed neutri-
nos. There are two neutral scalar bosons in the model:
the light one, in which the doublet Higgs component
dominates and which should be identified with the par-
ticle discovered at the LHC (h; M}, = 125 GeV), and the
heavy one, in which the triplet Higgs component dom-
inates (H). The neutrino masses equal f;va, where f;
(i = 1,2,3) originates from Yukawa couplings of the

) The decays into bbr7 and bbW W ~ final states can be even
more promising for measuring the triple Higgs coupling [4, 5] (see
also [6]).
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Higgs triplet with the lepton doublets. If neutrinos are
light due to a small value of va while f; are of the or-
der of unity, then H decays into neutrino pairs. Three
states, H** (or A**), H*, and H, are almost degener-
ate in the model considered in Sec. 2, and the absence of
the same-sign dileptons at the LHC from H** — [*]*
decays provides the lower bound mpy > 400 GeV [8].
We are interested in the opposite case where va reaches
the maximum allowed value while neutrinos are light
because of small values of f;. In this case, H — hh can
be the dominant decay mode of a heavy neutral Higgs
boson. In this way, we obtain an additional mechanism
of the double h production at the LHC.

The bound mg++ > 400 GeV [8] cannot be applied
now because H** mainly decays into the same-sign
diboson [9]. We only need H to be heavy enough for
the H — hh decay to occur. This case is analyzed
in Sec. 2. The invariant mass of the additionally pro-
duced hh state peaks at (pi +p»)” = m, which is
a distinctive feature of the proposed mechanism (see
also [10, 11]).

H contains a small admixture of the isodoublet
state, which makes gluon fusion a dominant mecha-
nism of H production at the LHC. The admixture of
the isodoublet component in H equals approximately
2va /v, where v & 250 GeV is the vacuum expectation
value of the neutral component of the isodoublet, and
in Sec. 2, for /s = 14 TeV and My = 300 GeV, we
obtain ¢ (g9 — H) ~ 25 fb. Taking into account that
the branching ratio H — hh is about 80 %, we obtain a
50 % enhancement of double Higgs production in com-
parison with the SM.

Since the nonzero value of wa violates the well-
checked equality of the strengths of charged and neutral
currents at the tree level,

2 2 2
g° /My, VA
=14+2-% 1
72/M3 W

va should be less than 5 GeV (see Sec. 2). The g9 — H
cross section was estimated numerically for the maxi-
mum allowed value va = 5 GeV when the isodoublet
admixture is about 5 %.

The bound va < 5 GeV is removed in the Georgi—
Machacek (GM) model [12], where, in addition to A,
a scalar isotriplet with Y = 0 is introduced. If the vev
of the neutral component of this additional field equals
va, then we have just one in the r.h.s. of Eq. (1): the
correction proportional to v% is canceled. Thus, va can
be much larger than 5 GeV. The bounds on va come
from the measurement of the 125 GeV Higgs boson cou-

plings to vector bosons and fermions, which would de-
viate from their SM values: ¢; — ¢; [1 + a; (UA/?))2].

The consideration of an enhancement of 2h produc-
tion in the GM variant of the see-saw type-II model
is presented in Sec. 3. Because the current accuracy
of the measurement of ¢; values in h production and
decay is poor, va as large as 50 GeV is allowed and
o (99 — H) can reach 2 pb, which makes it accessible
with the integrated luminosity [ L£dt = 300 b~ prior
to the HL-LHC run. We summarize our results in the
Conclusions.

2. DOUBLE h PRODUCTION IN H DECAYS
AT THE LHC

2.1. Scalar sector of the see-saw type-II model

In this subsection, we present the necessary formu-
las (see [13] for a detailed description). In addition to
the SM isodoublet field

d+

NG (v +¢ +ix)

an isotriplet is introduced in the see-saw type-II model:

NING)

(Al +iA?) /3

5+/\/§ s+
& —5t/\2

A

Ao
V2
(AT —iA?) /2 _

—A%/\/2 -

2

], 0 =L (uatotin). (3)

Here, o are the Pauli matrices.
The scalar sector kinetic terms are

Liineie = 1D, + Tr [(D,A) (D,8)], ()
where

g g
D,® =8u¢—z§AZaa<I>—zEBu‘I>, (5)

DA = [0,A% + g A A° — ig' B,A"] % =

= 0,8 —if [450°, A] —ig'B,A. (6)

The hypercharge Y = 1 was substituted for the
isodoublet and YA = 2 for the isotriplet. The terms
quadratic in the vector boson fields are as follows:
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1
Lya=g* [ WrWT 4 g (@0 W 4
1
L@ |0 22 + 19 |2 22,
The vector boson masses are

Mg,
(8)
Mz

For the ratio of vector boson masses, neglecting the
radiative corrections from the isotriplet (not a bad ap-
proximation as far as the heavy triplet decouples), we

()bt a‘]
SM

Mz~
Comparing the result of the SM fit [14, p. 145]
Man = 80.381 GeV with the experimental value
M® = 80.385(15) GeV, we obtain the following upper
bound at the 3o level:

My
Mz

va < 5 GeV. (10)
Because the cross sections we are interested in are pro-
portional to vk, we use the upper bound va = 5 GeV
for numerical estimates in this section.

From the numerical value of the Fermi coupling con-
stant in muon decay, we obtain

v + 203 = (246 GeV)? | (11)

and hence for va < 5 GeV, the value v = 246 GeV can
be safely used in deriving (10).

The scalar potential has the form

1

V(®,A) = —-mi (27®) + % (a1®)” +

7

Do

+ MATr [ATA] + = (@Ti0’AT® + He), (12)
which is a truncated version of the most general renor-
malizable potential (see, e. g., [15, Eq. (2.6)]). We may
simply suppose that the coupling constants that multi-
ply the omitted terms in the potential (A1, A2, A4, and
\5) are small?). In the case of the SM, only the first
line in (12) remains; the mass of the Higgs boson equals
me 125 GeV while its expectation value is v?

~md /A~ (246 GéV)’, A ~ 0.25.

~

2) We note that a relatively large value of A5 leads to con-
siderable splitting of the masses of triplet states. If the cascade
decay H — HTW ™ becomes allowed, it greatly diminishes the
H — hh branching ratio [16].
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At the minimum of (12), the equations

1 1
imé = 5)\1) — uva, -
13
w2 = 1 22
A QNUA

hold, and hence for vevs of the isodoublet and isotriplet,
we obtain

2 2
5 mgMQ}
CTOME 2 (14)
2 2
Hmg nov
VA= T <~ 5 — =< 7> - (15)
2AM3 — 212 2 M2

According to (12), the terms quadratic in ¢ and ¢
are

1 1
Vip,0) = §m(21><,92 + 5M262 — o, (16)
Here and below, the terms suppressed by (vA/v)2 are
omitted.

Denoting the states with definite masses by h and

H, we obtain

lcp] B lcosa —sina] [h]

0 sinaw  cosa | |H (17)
2uv

tan2a = ———

an 2q M —m

M? = % <m%+Mi—\/(Mi—m%)2 +4,u2v2) ~
~m3,  (18)
M = 5 (mht a1 agte? )
~ M3, (19)

Because tan2a & 4va/v < 1, the mass eigenstate h
consists mostly of ¢, and H consists mostly of §. We
suppose that the particle observed by ATLAS and CMS
is h, so My, is about 125 GeV.

The scalar sector of the model, in addition to the
massless goldstone bosons that are eaten up by the
vector gauge bosons, contains one double-charged field
H**, one single-charged field H+, and three real neu-
tral fields A, H, and h. H' is mostly 67 with a small
&+ admixture, and A is mostly n with a small y ad-
mixture. All these particles except h are heavy; their
masses equal Ma up to small corrections proportional
to vX /Ma.
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2.2. H decays

The second and fourth terms in potential (12) con-
tribute to H — 2h decays:

A A
S (@fe)” > ¢, (20)

BT 2 At B 2 2
\/i('l) io’AT® + He) — 25(99 ), (21)

where in the second line, y is dominantly a Goldstone
state that forms the longitudinal Z polarization.

With the help of (17), we obtain the expression for
the effective Lagrangian that describes the H — 2h
decay:

H 3 2
Com=Pl1+—2 | HR2=
Hih = 5 (MH/Mh)Z—ll
2
IR PO M UV,
v (MH/Mh) -1

In the see-saw type-II model, neutrino masses are
generated by the Yukawa couplings of the isotriplet A
to lepton doublets. These couplings generate H — vv
decays as well. As it was noted in [9], diboson de-
cays dominate for va > 1072 GeV. This happens be-
cause the diboson decay amplitude is proportional to
va, while Yukawa couplings f; are inversely propor-
tional to it, f ~ m, /va. That is why lepton decays are
completely negligible for va 2 1 GeV.

The amplitudes of H — ZZ and H — WTW~
decays are contained in (7):

1
Lavy = g* (vA cos o — 51} sin oz) WHYW~—H +

1
+ g2 <UA cosa — < sina) Z°H ~

M/ My

2 S
N gt WA W H
IS VYV +
=2 2 2
3 1-2M2 /M2,
I T EVATH, 72l (23)
> 1- M2/M,

and we see that the H — WTW ™ decay is suppressed
(see, e.g., [17]).
The H — tt decay occurs through a ¢ admixture:

omy - 2ua /v me -
L = —ttH = —————— —ttH 24
Hig = Smasy 1— M2/MZ v (24)
as well as the H decay into two gluons:

Lgg = 10;_; sin awa. (25)

We note that all the amplitudes of H decays are pro-
portional to the triplet vev va.
For the decay probabilities, we obtain

2 2
FH—)hh:iM—%I 1+2(M/Mu)” |
vt 87 | 1 — (My/Mpy)*
M2
1—4—L (2
5 2
FH—>22=iM—§I 1 -2 M,/ My)
vt 87 1_(]\4h/]\/[H)2

M2 M} M2
X <1—4—§ +12—Z) 1—-4—2  (27)
MH

M Mg’

2 3 2 2 2
Fgww = v My | My /My
- vt Ar |1 — (M) My)?

M2 M M2
14— 4 12- W 14 (28
T o i Ncm%MH 1 %
T (- M M)

m2 3/2
1—4—L 29
( M%{) (29)

where N, = 3 is the number of colors. Finally, for the
width of decay into two gluon jets, we obtain

2 3 2 2\ 2
_va My (as _ My
Lti—gg = vt 27 (371') <1 M% ' (30)

which is always negligible.

In what follows, we suppose that My < 350 GeV
and the decay H — tt is forbidden kinematically. We
note that even for My > 350 GeV, the H — 2h decay
branching ratio is large, but the H production cross
section becomes small due to the large H mass.

The H production cross section increases when it
becomes lighter, but for My < 250 GeV, the decay
H — 2h is kinematically forbidden. That is why for
numerical estimates we took the value My = 300 GeV
for which H — 2h and H — ZZ decays domi-
nate?) and Ty, /Tuzz ~ 4. Hence, a 300-GeV
(or slightly lighter) H mostly decays into two 125-GeV
Higgs bosons.

3) The decay H — ZZ — (111~ (IT1~) provides great oppor-
tunity for the discovery of a heavy Higgs H.
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Table 1. The cross sections of Higgs production via gg

fusion. Values for the SM Higgs are taken from Tab-

le 4 in [18]. All numbers in this and following tables
correspond to 14-TeV LHC energy

My, GeV 125 300
Tggsn, Db | 49.97£10% | 11.07+10%
My, GeV - 300
Oggsti D - 25+ 10%

A technical remark: the equality Ty pn =T z2
in the limit My > My, Mg > My follows from the
equality (up to the sign) of H — 2h and H — 2y decay
amplitudes (see (21)).

2.3. H production at the LHC

The dominant mechanism of H production
is the gluon fusion, whose cross section equals
that of SM Higgs production times sin’a =

[(2va/v)/ (1 — M2/ME)]? ~ 24 -107%.  The
relevant numbers are presented in Table 1.

~

~
~

All the
numbers correspond to the 14-TeV LHC energy.

The subdominant mechanisms of H production are
7 7 fusion and associative ZH production. Comparing
ZZh and ZZ H vertices, we recalculate the cross sec-
tions of SM processes of h production into that of H
production. In the SM, we have

1
Lhzz = Zg2vZ2h. (31)
From (23), we obtain
_ (2va 1—2M2/ME 2( M
077Z—H = v 1 — M}%/MIZ_I 0Z7Z—h ~
~107% (027-0)"",  (32)

and the same relation holds for the Z* — ZH associa-
tive production cross section.

We separate the VBF cross section of SM Higgs pro-
duction into that in W*W ™ fusion (which dominates)
and in ZZ fusion (which is the one that matters for H
production) with the help of the computer code HAWK
[19]. The obtained results are presented in Table 2.

In Table 3, the results for the associative ZH pro-
duction cross sections are presented.

We see that gluon fusion dominates H production
at the LHC. Using model parameters va =5 GeV and
Mpg = 300 GeV, we obtain that the branching ratio

430

Table 2.  The cross sections (QCD NLO) of scalar
bosons production in vector boson fusion calculated
with the help of HAWK (see also Table 10 in [18])

My, GeV 125 300
ovv_sh, tb 4342(5) 1418(1)
OW+W-—h, b 3272(4) 1053(1)
077n, b 1087(1) 365(1)
Mpy, GeV - 300
077w, tb - 0.365(1)
Table 3. The cross sections of the associative

SM Higgs production from Table 14 in [18] and of
associative H production recalculated with the help

of (32)
M, GeV 125 300
owewh, fb | 1504 +£4% 67.6+4%
Oz, fb 883+ 5% 41.6+5%
My, GeV - 300
o771, b - 0.0416 + 5%

of H — 2h decay is ~ 80 %. Thus, decays of H pro-
vide ~ 20 fb of the double A production cross section
in addition to the 40 fb coming from the SM. However,
unlike in the SM, where the 2h invariant mass is spread
along a rather large interval, in the case of H decays
the 2h invariant mass equals M.

3. H PRODUCTION ENHANCEMENT IN THE
GEORGI-MACHACEK VARIANT OF THE
SEE-SAW TYPE-II MODEL

The amplitudes of H production via both gg fusion
and VBF are proportional to the triplet vev va and
because of the upper bound va < 5 GeV, these ampli-
tudes and the corresponding cross sections are severely
suppressed.

The triplet vev va should be small in order to avoid
a noticeable violation of custodial symmetry that guar-
antees the degeneracy of W and Z bosons in the SM at
tree level in the limit ¢’ = 0, cosfy = 1. The vev of the
complex isotriplet A with the hypercharge YA = 2 vi-
olates the custodial symmetry (see (8)). The custodial
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symmetry is preserved when two isotriplets (complex
A and real & with Yy = 0) are added to the SM and
when vevs of their neutral components are equal [12].
Thus, in the GM variant of the see-saw type-II model,
va is not bounded by (10) and can be considerably
larger. Instead of (8), in the GM model we have

2
My = £ (02 +403)
- (33)
M3 = gz (02 +40}),
and instead of (11),
v + 402 = (246 GeV)? . (34)

We note that our va is v/2 times larger than what is
usually used in the papers devoted to the GM model;
our v is also usually denoted by v, while the value
246 GeV is denoted by v.

The scalar particles are conveniently classified in
the GM model by their transformation properties un-
der the custodial SU(2). Two singlets which mix to
form mass eigenstates h and H are

HY =,

2 1

(see, e.g., [20]). Due to the considerable admixture
of €2 in HY, the HW*W ™~ coupling constant is not
suppressed and three modes of H decays are essential:
H—=hh,H—-WTW~,and H = ZZ.

The recently discovered Higgs boson should be iden-
tified with h. The deviations of h couplings to vector
bosons and fermions from their values in the SM lead to
the upper bound on va. These deviations in the limit
of heavy scalar triplets were recently studied in [20]
(see also [21]). From Eqs. (59) and (61) in [20], we ob-
tain the following estimates for the ratios of the hVV
(here V =W, Z) and hff coupling constants to that
in the SM:

(35)

~ va)?
kv~1+35v2) , -
k,«zl—(%) .

Because the Higgs boson h is produced at the LHC
mainly in gluon fusion through a ¢-quark triangle, we
obtain the ratio of the cross sections to that in the SM

as
2
Hrr = 1- <2U_A) )
v
e (37)
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Since the h — bb decay is studied in associative pro-
duction, V* — Vh — Vbb, we have

20A 2
v

In (37) and (38) we used that the total width of & is
practically the same as in the SM.

Finally, in the case of the h — ~v decay, the SM
factor 16/9 — 7 in the amplitude is modified as

oy~ 1+ ( (38)

e o] [ 20)-
) —7<1+3(U7A) )]:

=2 (1—2( )2> —7<1+2(U7A)2>, (39)
where the first factor in the first line takes the damping
of h production in gluon fusion into account®).

We suppose that va is ten times larger than the
number used in Sec. 2, v§™ = 50 GeV. Then from (34)
we obtain v“M ~ 225 GeV and p,r ~ 0.8, while
www = pzz = ppy & 1.2. From (39), My R 1.4. With
the up-to-date level of experimental accuracy, one can-
not exclude these deviations of the p; from their SM
values ()" = 1.

One order of magnitude increase in va leads to
two orders of magnitude increase in the H produc-
tion cross section. Hence, a 300 GeV heavy Higgs bo-
son H can be produced at the 14-TeV LHC energy
with the 2 pb cross section, which should be large
enough for it to be discovered prior to the HL-LHC.
The search strategy should be the same as for the SM
Higgs boson: the g9 - H — ZZ decay is a golden
discovery mode, whose cross section can be as large
as (2 pb) x Br(H — ZZ)*M where Br (H — 22)M
depends on the model parameters (see [20]).

9 v

4. CONCLUSIONS

The case of extra isotriplet(s) provides a rich Higgs-
sector phenomenology with charged and neutral scalar
particles additional to the SM Higgs boson. With the
growth of the triplet vev, the production cross section
of the new scalar grows and the dominant decays of
new particles become decays to gauge and lighter scalar
bosons. The charged scalars (®++, &) are produced
through electroweak interactions. The bounds on the
model parameters from the nondiscovery of ®*+ and

1) We take only t-quark and W-boson loops into account, omit-
ting the loops with charged Higgses.
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& with the 8-TeV LHC data and the prospects of their
discovery at the 14-TeV LHC energy are discussed, in
particular, in [22]. In this paper, we have discussed the
neutral heavy Higgs production at the LHC in which
the gluon fusion dominates. The H — 2h decay con-
tributes significantly to the double Higgs production
and even may dominate in the GM variant of the see-
saw type-II model. The best discovery mode for H is
the “golden mode” pp — HX — ZZX, and its cross
section can be only a few times smaller than for the
heavy SM Higgs.

After this paper had been written, paper [23]
appeared in arXiv in which the enhancement of
double Higgs production due to heavy Higgs decay is
considered in the framework of the MSSM model with
two isodoublets. The H — 2h resonant decay in the
MSSM at small tan § was previously analyzed in [10].

This paper is our present to Valery Anatolievich
Rubakov on his anniversary. Many students (and not
only students) in the world are studying Physics by
reading his excellent books and papers and listening to
his brilliant lectures.
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