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Abstract

A search for a CP-even heavy Higgs boson at the LHC is analysed in a Left-Right model with minimal
Higgs sector. We report our results for potential signatures for heavy neutral Higgs decay into two SM-
like Higgs bosons, namely ' — hh — bby+y for a center-of-mass energy /s = 14 TeV and integrated
luminosity Line = 300, 3000 fb 1.
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We recently investigated a Left-Right model with minimal Higgs sector, based on the gauge group SU(3)c x SU(2)L x SU(2)g x
U(1)p—1 as in other conventional left-right models [1, 2]. Only one scalar bidoublet and a scalar right-handed doublet were con-
sidered [3]. We demonstrated that the tiny values of light neutrino masses in this model are generated by an inverse-seesaw
mechanism [4, 5, 6, 7, 8]. We also investigated LHC searches for the CP-even heavy Higgs boson. In this article, we summarize
our findings for the signature of heavy neutral Higgs decay to two SM-like Higgs bosons, namely i’ — hh — bbyy at integrated
luminosity Line = 300, 3000 fb~ [9, 10].

In our model of Left-Right with Inverse Seesaw (LRIS), the general Higgs potential is given by [11]

V(¢ xr) = i Te(¢"p) + po[Te(Po") + Te(PT9)] + A1 (Tr(¢"9))* + A2 [(Te(Pgp))? + (Tr(¢79))?)
+ ASTe(PP" ) Tr(¢1P) + AaTr(pp") (Tr(gp") + Tr(¢79)) + s (xkxr) + o1 (xkxr)?
+a1Tr(¢T ) (xhar) + a2 (X oxr) + a3 (X dxr) + aa (X dxr + h.c.). (1)

The constraints imposed on the above potential parameters due the minimization conditions and the boundedness from below are
provided in Appendix of Ref. [3]. After Left-Right and Electroweak symmetry breaking, the following CP-even neutral Higgs mass
matrix is obtained: )
0°V (¢, XL,r
(M), = L xLn)

= LR , 2)
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where i/j = 1,2 and R refer for neutral components: ¢; and ¢, of the bidoublet and neutral component of x . In this case, one find
the following matrix elements:

1,1
my = 202()\15% + /\23(% + /\452ﬁ) + *(7 + 1)0(32?]121, (3)
4 C2/3
1
mip = my = v*((Ay + Az3)sop +274) — ZD‘SZU%{tZﬁ/ 4)
myz = mzy = voR (@138 + aacp), (5)
1,1
Moy = sz(AlCé + A23S‘% + /\452ﬁ) + Z(@ — 1)&322)%{, (6)
Moz = M3y = VUR(X12Cp + &4Sp), 7)
mss = 2010%, ®)

where ay; = a7 +a;, i = 2,3 and Ay3 = 2A5 + A3. This matrix can be diagonalized by a unitary transformation matrix ZH such
that (qﬁ?R, ¢8R, X%R)T = ZHT(Hy, Hy, H3)T. The coefficients of the rotation matrix Z! are given explicitly in Ref. [3]. We identify the
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lightest eigenstate Hy = & to be the SM-like Higgs boson that we fix its mass with m;, = 125 GeV [12, 13]. The other two eigenvalues

are given by
1 4ph
My =5 (Th — i F \/(Th - - ) , )

where T" and D" are the trace and determinant of M?2,. From Eq. (9), one can show that the next lightest CP-even neutral Higgs
boson, Hy = I, could have a mass of order a few hundred GeVs. In our analysis we vary the relevant parameters in the scalar
potential in the following ranges

Ay € [0.18,0.30], A4 €[0.70,099], ay € [0.06,0.16], a4 € [0.60,0.99], py € [0.08,0.14], Aps € [—0.1,3]. (10)

The physical eigenstate i’ (second lightest neutral Higgs boson) can be written in terms of components of real parts of neutral
scalar doublets as follows:

W= 723 91+ 25 93" + 23 xR (1)

We chose the three benchmark points, as emphasized in [3] with m;, = 250,400 and 600 GeV. We have shown that 1’ is essentially

formed from ¢; component with very smaller contributions from ¢, and xr components.
The relevant coupling of i’ with the SM-like Higgs boson, gjy,;, is given by

Swnn ~ —2Z35 Z {o((A — Azs)ep + 3Aysp) 215 + agvR 213}, (12)

where Z! is the CP-even neutral Higgs bosons mixing matrix. Here, we fix the gauge couplings as follows: g, = ¢p = & =
0.663, gpr = 0.422, and vg = 6400 GeV and the potential parameters «;, A; and p; are varied within mentioned ranges in Eq. (10).
The heavy Higgs boson, //, is mainly produced at the LHC from gluon-gluon fusion (ggF) process, which induces about 90%
of its total production cross section at the LHC. In Fig. 1 (left) we show the i’ ggF-production cross section versus m,. note that
from this figure the o(pp — I') can be of order > 2 pb for my < 400 GeV. so we consider Ly = 300 fb~! for light /' and

Line = 3000 fb ! for heavy, at /s = 14 TeV.
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FIGURE 1: (Left) The &’ production cross section from ggF as a function of its mass my,. The three above mentioned benchmark
points are surrounded by blue circles. (Right) Branching ratios (BR) of i’ decays versus its mass m;,. The scan on the relevant
parameters are considered as explained above.
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FIGURE 2: Feynman diagram for the i’ ggF production and decay process gg — b’ — hh — bby~y
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In Fig. 1 (right) we show the relevant i’ decay branching ratios as functions of my,. It is remarkable to notice that for ny, <
600 GeV, the I’ decay branching ratio to two SM Higgs boson is not small, mainly BR(k" — hh) > 10%, which gives a hope for
probing this heavy Higgs through this channel.

we have alot chance for probe &' like i’ — hli — bbbb but this this process has a huge background also can go to process
W' — hh — 2b+2W — bblvlv but this has very small cross section, so we will start with a good process for probing h’ is

W' — hh — bby+y see the Feynman diagram in Fig. 2. we make analysis wuth three masses for i’ m;, = 250 GeV, 400 GeV and
600 GeV.

(Liny=300.0 fb™', \/s=14TeV) (Liny=300.0 fb~', \/s=14TeV)
‘Q - T T T T T T T | — & E T T T T T T T , —
§ 70— = hygy — bbyy § = = hygy — bbyy
o F , = o 18 . -

E —h bb g —h bb
isoE 400_’_ Yy > 16E- 400_>_ Yy
'] 50 = pp — bbyy 'S g = pp — bbyy
S wf E 5 et 3
2 wf = g e E

20~ = = =
10 = 3 3
0 -y - E. n o _— I

100 200 300 400 500 600 700 800 900 1000 100 200 300 400 500 600 700 800 900 1000
MbEvv( GeV) MbEVV( GeV)

FIGURE 3: Number of signal events for i’ — bbvy+y decays at mass m;, = 250 GeV (blue) and 400 GeV (red) induced by ggF versus

the invariant mass of the final states bby7, at /s = 14 TeV and L = 300 b1 alongside the relevant background events (black)

before (left) and after (right) applying the cut flow of Tab. 2. The corresponding vlaues of cross sections and branching ratios are
given in Tab. 1.

by use the narrow width approximation we can calculate the total cross section o(pp — h' — hh — bby+y) as
o(pp — W' — hh — bbyy) =~ o(pp — H') x BR(W — hh) x BR(h — bb) x BR(h — 77), (13)

where the ' — hh decay branching ratio BR(W' — hh) is given in terms of the coupling gy, of Eq. (12). In Tab. 1 the explicit
values of the cross section and decay ratio of I’ are presented for the three values of my,, under consideration. For discovery of I’

my (GeV) | o(pp — 1) (pb) | BR(W — kh) | o(pp — I — hh — bbyy) (fb)
250 12.140 0.30 6.30
400 5.050 0.20 1.01
600 0.504 0.18 0.05

TABLE 1: pp — I’ production cross section and its i’ — hh decay branching ratio
and the total cross section for its production and decay process pp — h' — hh —
bb7y+y for three different values of m;, = 250 GeV, 400 GeV and 600 GeV.

at the LHC, we analyse signal with the corresponding relevant background from the SM processes. we found following reducible
background processes [14]:

pp — bbhyy/bbja/bbjj/ccyy/ccjy/jjyy/gghyy/tt/tty / tthyy/bbzyy/zhyy.

and we take The following pre-selection cuts at parton level becouse we avoid any divergence in the parton-level calculations [15,
14]:

1. The pseudorapidity # of the two photons must be in acceptance of detector so |17, | < 2.4.
2. The pseudorapidity 7 of the two jets must be in acceptance of detector so || < 2.4.

3. The transverse momentum Pr of the two jets satisfies (Pr);; > 20 GeV.

4. The transverse momentum Pr of the two photon satisfies (Pr)-, > 25 GeV.

All these backgrounds are dead duo to last cuts only relevant background processes alive and compete with our signal are the
irreducible ones pp — bbvy. this one cam reduce down by cuts which are used in Tab. 2. In Fig. 3, we show the number of signal
events distributions for m;, = 250 GeV and 400 GeV with the background before (left) and after (right) cuts in Tab. 2, resepectively.

because the cross section for mj, = 600 GeV is quite small so we should go a large luminosity to can make analysis and probe
it and this appear in Fig. 4, for Liy; values which vary from 100 fb~! up to 3000 fb~! at \/s = 14 TeV, for the usual three values of

my. It is clear that the signal significance increases with considered Liy for each value of mj, giving better chances of i’ discovery
with higher Lin;.
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Cuts (Select) Signal (S): my; = 250 GeV (400 GeV) | Background (B) S/vVB
Initial (no cut) 1904.00 (308.00) 25058.00 12.000 (1.950)
M,y > 119.5 GeV 846.70 4 21.70 (177.95 + 8.82) 3015.10 £ 51.50 | 15.419 + 0.00527 (3.241 + 0.00272)
My < 130.5 GeV 843.90 4 19.30 (175.80 + 8.36) 766.40 +19.20 30.430 + 0.01500 (6.319 4 0.01540)

TABLE 2: Cut flow charts for the i’ — hh — bby7y signal versus its relevant background and the corresponding
number of events and significance at 300 fb~!and /s = 14 TeV for mj, = 250 GeV (400 GeV).
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FIGURE 4: Significace of the i’ — bb~y signal of Fig. 3 relative to the corresponding background versus Liy; at mass nj, = 250 GeV
(blue), 400 GeV (red) and 600 GeV (green). Data is produced at /s = 14 TeV and points are interpolated between values of
Lint = 100,300, 500, 1000, 1500, 2000, 2500 fb~! and Lin; = 3000 fb~ L.
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FIGURE 5: Number of signal events for i’ — bby7y decays at mass m;; = 600 GeV (green) induced by ggF versus the invariant
mass of the final states bbv+y, at /5 = 14 TeV and L = 3000 b1 alongside the relevant background events background (black)
before (left) and after (right) applying the cut flow set of Tab. 3. The corresponding values of cross sections and branching ratios
are given in Tab. 1.

With m;, = 600 GeV, one must go to higher Lin; ~ 3000 fb~1, as the the decay and cross section are small. Here we apply the
cut flow given in Tab. 3. After all these cuts applying, the final distributions of this event are shown in Fig. 5. According to the plots
shown in Fig. 4 and Fig. 5, it is clear that even I’ with m;; > 600 GeV can still be discovered, but at the High-Luminosity Large
Hadron Collider (HL-LHC), as it requires L, of order Li,; = 3000 b1,

In summary, we have proposed a simplified LR model, where SU(2)g x U(1)p_; symmetry is broken spontaneously by the
vev of a scalar doublet xr around TeV scale, and the electroweak symmetry SU(2); x U(1)y is broken by the vevs of two Higgs
doublets merged from a single bidoublet ¢. We adopted IS mechanism to generate light neutrino masses. We also analysed the
Higgs sector in detail, in particular the three neutral CP-even Higgs bosons. We showed that the lightest of these particle can be
assigned to SM-like Higgs, with mass equals to 125 GeV. The next lightest Higgs, K, which is stemmed from the bidoublet neutral
component is of order a few hundred GeVs. We studied the LHC potential discovery for /' in this class of models. We performed
analysis for searches for i’ by looking for resonant peaks in the following two processes: i’ — hh — bbyyand h' — ZZ — 44 (£ =
e, ). We considered three benchmark points, with n, = 250 GeV, 400 GeV and 600 GeV, at /s = 14 TeV and Liy; = 300 b1 and
Lint = 3000 fb~!. We emphasized that 1’ can be probed with good statistical significances in di-Higgs channel, with 2y + 2b-jets
final states. While the channel of Z-pair production and decays to 4¢ is much less significant and it may be observed only at very
high Liy+ = 3000 fb~! and for light i’ with mass less than 300 GeV.
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Cuts (Select) Signal (S): m, = 600 GeV | Background (B) S/vVB

Initial (no cut) 155.000 250650.00 0.310
My, < 200.0 GeV 52.250 +£5.18 39823.60 £ 82.40 | 0.264 4 0.0008
My > 119.5 GeV 34436 +591 4252.00 £64.70 | 0.530 £ 0.0010
M, < 130.5 GeV 33.542 £5.13 1084.10 +32.00 | 1.018 £ 0.0004
(AR)qy < 2.0 29.230 +4.35 200.50 £+ 17.08 1.062 £+ 0.0500
(AR)pp < 2.0 27.680 - 4.46 132.83 £ 7.66 2.409 + 0.0200
(Pr)yy > 200.0 GeV 21.650 +4.36 57.65 +7.70 2.851 +0.0260

TABLE 3: Cut flow charts for the i — hh — bbyy signal versus its relevant background

and the corresponding number of events and significance at Lipy = 3000 fb ™! and /s =
14 TeV for m;, = 600 GeV.
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