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Heavy Neutral Higgs in BLSSM at the LHC
Lp_1L Supersymmetric Extension of the Standard Model (BLSSM)
Lmssm

m The MSSM gauge group
SU(3)C X SU(2)L X U(l)y. (1)
m MSSM Chiral supermultiplet [3, 4].

Names spin 0 spin 1/2 SUQ)e. SUR2)L. U(l)y
squarks, quarks Q (ﬁL.JL) (up. dp) 3.2, 1/3
(x 3 families) or (Xu. Xd)

i L = i ity = (ug)° 3 1, —43
B L or xg = )
d dr, = dy dy = (dp)* 3, 1, 2/3
or xa = V§
sleptons, leptons L (VeL, €.) (Vor, €r) 1, 2, —1
(x 3 families) Or (Xi» Xe)
P B =2 2L = (ep)" L1 2
or xz = g
Higgs, Higgsinos  H, (H,, HY) (HF, 2D 1, 2, 1
Hy 455 -y (Y, 1Y) L 2 -1
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Heavy Neutral Higgs in BLSSM at the LHC

Lp_1L Supersymmetric Extension of the Standard Model (BLSSM)
L mssm

m MSSM Gauge supermultiplet [3, 4].

Names spin 1/2 spin 1 SU(3)c, SUR2)L, U(1),
gluinos, gluons ' g 8. 1. 0O
winos. W bosons w*, wo w=, wo 1. 3,0
bino, B boson B B 1. 1, 0

m MSSM gauge invariant Superpotential [3, 4]

Wussm = ¥ 4;Q; - Hy — yfijZz‘Qj “Hy—yYeL; Hq+ pH, Hy (2)
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Heavy Neutral Higgs in BLSSM at the LHC
Lp_1L Supersymmetric Extension of the Standard Model (BLSSM)
Lmssm

m MSSM gauge invariant soft SUSY breaking terms are [3, 4]

6/33

Gaugino masses for each gauge group (gluino, wino and bino):

—%(Mgg“g“ + MyWeW* + M, BB)
Squark mass terms:
—m%ij@@j - m%ijaTLiﬁLJ - m?fij@/ijl/j
Slepton mass terms:
—mL”LTL mg”eTLleLj
A Higgs mass terms:
—m% HiH, —m3 HiHy— (bH,Hy + h.c.)

H Triple scalar couplings:

a9l Q;H, —aid} Q;Hy — &) LiHy+ h.c.
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Lp_1L Supersymmetric Extension of the Standard Model (BLSSM)
L mssm

m The ‘minimal supergravity (mSUGRA)" unification theory lead
naturally to the suppression of dangerous terms that in a framework
in which the soft parameters take a particularly simple form at the

GUT scale:
M3z = My = My =my s, (8)
mé:m%:mzzzm%:mgzmg, (9)
= i, =, (10
ay = AoYu, @q = AoYq, ae = AgYe. (11)
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Heavy Neutral Higgs in BLSSM at the LHC
Lp_1L Supersymmetric Extension of the Standard Model (BLSSM)
Lmssm

m The Higgs potential for the neutral fields
Vieutral = (|af* +my ) Hy? + (ul® + mi;, )| Hq|? — (bHyHg + h.c.)
2 /2
g +g

+ ST (YR — | HYP). (12)

m Tree level neutral C'P-even Higgs (symmetric) 2x mass matrix

(b cot B+ m?% sin? 3 —b— %mQZ sin 23 >

btan 8 + m% cos® 8 (13)

with tree-level highly non-degerate masses

1
m%ﬂ =3 (mi +m% F \/(m?4 +m%)? — 4m?m? cos 2ﬁ> (14)
and mixing
. 0 2 2
H _ cqsa sin a H% 7 tan2a:tan2,BmA+mZ
h —sina cosa ) \ Hy m% —m?%
(15)
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Heavy Neutral Higgs in BLSSM at the LHC
Lp_1L Supersymmetric Extension of the Standard Model (BLSSM)
Lmssm

m MSSM Spectrum Many more particles arise in MSSM than in the
SM
Higgs: One extra neutral scalar H, one neutral pseudoscalar A, and
two conjugate charged Higgs H*.
Sfermions: Squarks and Sleptons
Charginos: of the charged gauginos and Higgisnos
A Neutralinos: of the neutral gauginos and Higgisnos

m The lightest supersymmetric particle (LSP) (Sneutrino Neutralinos) is
a candidate for the nonbaryonic cold Dark Matter (DM).

m MSSM Problems: Massless neutrinos and the p-problem of
naturalness.
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Heavy Neutral Higgs in BLSSM at the LHC
Lp_1L Supersymmetric Extension of the Standard Model (BLSSM)
L BLssm

m The BLSSM gauge group
SU(3)C X SU(2)L X U(l)y X U(l)B_L (16)

m The BLSSM model is a natural extension of the MSSM [6] with

(at least) three RH neutrino chiral superfields (V;) for neutrino
masses [5, 2, 1],

two SM-singlet Higgs chiral superfields (x1, x2 with B — L charges
YL = —2,+2, respectively, for their Higgsonos U(1)g_;, anomaly
freedom). Their scalar components’ vevs v} 5 = {x1,2) spontaneously
break the U(1)p_1, ’

a vector superfield for the U(1)p_1, gauge.

m The general expression for the covariant derivative D, is defined as

Dy = 0, —igs TGS —igr'W), —ig' Y B, —ig"Yp_1B,,,  (17)
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Heavy Neutral Higgs in BLSSM at the LHC
Lp_1L Supersymmetric Extension of the Standard Model (BLSSM)
L BLssm

m The BLSSM superpotential is [6]
Weissm = Wiussm + Wat, (18)

where Wyissm is the MSSM superpotential and the extra B — L part
is

WeL = (Y,)ij LiHaN§ + (YN )i N xa NS + 1/ x1xe. (19)
m BLSSM Spectrum: Extra particles arise in BLSSM rather than in
the MSSM

Higgs: Extra two scalars k', H', and one pseudoscalar A’
Gauge: Extra neutral gauge boson Z’

Neutrinos: Extra three RH neutrinos.

A Sfermions: Extra RH Sneutrinos

H Neutralinos: Extra three neutralinos of Z/, k', H'

m BLSSM Problems: Succeded to introduce massive neutrinos but
suffers u-problems of naturalness.
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Heavy Neutral Higgs in BLSSM at the LHC
Lp_1L Supersymmetric Extension of the Standard Model (BLSSM)
L BLssm

m The gauge kinetic mixing —%FWF"“’ [7, 8] induces the MSSM and

B — L gauge sectors and Higgs sectors

g B

via the U(1) D-term

Luty-pterm = 5 3 (6160(QTG)G Q) (81)

and the covariant derivative

Dy D —iQ,GBy 1y = —igyQy By — i(§Qy By + g5rQpL)B),
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Heavy Neutral Higgs in BLSSM at the LHC
Lp_1L Supersymmetric Extension of the Standard Model (BLSSM)
I—Mass Spectrum

m The complete electroweak symmetry breaking pattern of the LRIS is
accomplished in the following two stages

SU@), x U(L), xUQ), , 222 sU(2), x U(1), ot
m The BLSSM neutral Higgs potential is
2
g
V= |ul(HLP + Hg?) + 1P (al® + el + g(IHSI2 — [Hg*)?

ggBL g
S22 (1HYP = HIP) (al = Ixel?) + BL(|X1|2 — Ix2?)*
uIHS\ — mg|Hg|* +{B,H)H] + h.c.}
—milx1]> — m3lxal” — (Buxixz + h.c.) (24)
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Heavy Neutral Higgs in BLSSM at the LHC
Lp_1L Supersymmetric Extension of the Standard Model (BLSSM)
I—Mass Spectrum

m The 4x scalar higgs mass matrix is the block matrix in the basis

My Mgy
M2 — hH hh> 25
. (Mffhf My )

where the 2 x 2 off-diagonal mixing block is

v —SpSp! SgCa’
My = — 26
i 2 JIBL ( cg8g —6565,> (26)

m Parameters are scanned over for

gB1 € [0.20,0.80], § € [~0.50,0.50], g € (1.00,20.00],
xr

tﬁl (1.00,20.00], = ~ O(1 — 3) TeV,
m2 ~ O(=10""%) GeV?, m2 ~ O(10°77) GeV?,
m3 ~ O(—=10°"7) GeV?, m3 ~ O(10°77) GeVZ. (27)
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Heavy Neutral Higgs in BLSSM at the LHC
Lp_1L Supersymmetric Extension of the Standard Model (BLSSM)

L Higgs Sector

The next lightest C'P-even neutral Higgs boson mass O(GeVs)

600

mhp (GeV)
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Heavy Neutral Higgs in BLSSM at the LHC
Lp_1L Supersymmetric Extension of the Standard Model (BLSSM)
I—Higgs Sector
The next lightest C' P-even neutral Higgs boson production and decay
branching ratios

°
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Heavy Neutral Higgs in BLSSM at the LHC
Lp_1L Supersymmetric Extension of the Standard Model (BLSSM)
I—Higgs Sector

m The interaction couplings of ' with Z,, gauge boson, and with the
SM-like Higgs are

ihjhy = i(zﬁ(g Z_72(”rizk2 +”uzk1) - 2§QBL(Z_7H3 (“dzg + mlzlgl) - Zﬁ;(zzzzﬁ + '“dzli))
H

+ 20 (- 20951 (— w228y + 212f%) + o* (- 3vazfh +vuzfh)))
+ 23 (s 21 (vazily + vu2ih) + 20951 (273 (21285 + vu2is) = 20 (2223 + vu2is))
+2Z{§(§gBL(ZjHl (vdzz{-qg + mlzxﬁ{l) - Zﬁ(zlz{é + vuZ;ﬁ{s)) - 292BLZ_7{{1(“E2ZI% + leﬁl)

+ 205 (2081 (301285 — w228} + dopL (vaZih — vuzih)))

+2z8 (3951 (Zﬁ (mzz,fl + vdzﬁ) -zl (122{:12 + vuzﬁ)) +20% 205 (zzz,fs + mlz,ﬁ)

+ Z_ﬁ(2QQBL( - 3122,51 + mlzg) + ggBL(”dZI{-_Il + vuzg))) (28)
Ih,z27 = ‘ [v(g1cw/ sw 4+ g2cwe, gbw/) zH cg + ngfs) + 41(*QBL31U/)2(Z1'P?I,3[3/ + Zﬁcﬁf)]

29)
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Heavy Neutral Higgs in BLSSM at the LHC
Lp_1L Supersymmetric Extension of the Standard Model (BLSSM)
I—Higgs Sector

Par | gy 9BI g gL, tg tg

BP1 | 0.356 | 0.616 | —0.403 | 0.662 | 6.083 | 0.134

BP2 | 0.356 | 0.675 | —0.441 | 0.662 | 12.568 | 1.333

T m2 m? m? mg

Par “ d L

(GeV) (GeV?) (GeV?) (GeV?) (GeV?)
BP1 6400 —1.796 x 107 | 1.087 x 10% | —5.550 x 10* | 3.788 x 106
BP2 2500 —1.796 x 107 | 1.087 x 108 | —7.000 x 10° | 3.000 x 106
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Heavy Neutral Higgs in BLSSM at the LHC
Lp_1L Supersymmetric Extension of the Standard Model (BLSSM)

L Higgs Sector

Mass (GeV) | m,+ ma mar | ma (R) | may (R)) | mng (H') | mn, (H)
BP1 4255 | 3515 | 4255 125 320 3796 4275
BP2 4255 | 3160 | 4166 126 326 3573 4180

Table 2: Higgs spectrum corresponding to BPs of Table 1.
Mix Z8 ZH VAT zZE za zZ3 z4 za

BP1 0.160 0.971 | —0.138 | —0.110 0.029 0.174 | 0.757 0.629

BP2 | 0.078 0.985 | —0.120 | —0.096 | 0.012 0.153 | 0.751 0.642

Mix | z# zZ4 z8 Z8 zZ8 ZH Z8 A

BP1 | 0.005 0.003 0.638 —0.770 | —0.987 0.162 0.003 | —0.003

BP2 | 0.002 0.005 0.649 —0.761 | —0.997 | 0.079 0.002 | —0.002

Table 3: Neutral C'P-even Higgs mixing corresponding to the BPs of Table 1.
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Heavy Neutral Higgs in BLSSM at the LHC
I—Search for Heavy Higgs Bosons at the LHC
Ln/ — hh — bbyy

m Feynman diagram

(3N
<
<
g
5

m We have 'y /my, < 1 and in the narrow width approximation the
total cross section o(pp — h' — hh — bby7) is decomposed into

a(pp — b’ — hh — bbyy) = o(pp — h’') x BR(h' — hh) x BR(h — bb) x BR(h — vv),
(30)

m The relevant background from the SM processes are
pp — bbhyy/bbja/bbjj/ccyy/eciy/jivy/gghyy /[t [ty [tthyy /bbzyy [ zhyy.

m All these backgrounds can be reduced by appropriate kinematics cuts as
Tab. 6.
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Heavy Neutral Higgs in BLSSM at the LHC
L Search for Heavy Higgs Bosons at the LHC
Ln/ — hh — bbyy

Lin=3800.0 16", \/s=14TeV

— H325hhbbaa
— bbaa

=300.0 fb")

int

N. of aab b combinations (L,

100 200 360 460 S(I)O 600 700 800
Myy(GeVic 2)

Figure 1: Number of signal events for b/ — bby~y decays at mass mj = 250 GeV
(blue) and 400 GeV (red) induced by ggF versus the invariant mass of the final
states vav, at /s = 14 TeV and Lj,; = 300 ! alongside with the relevant
background events (black) before (left) and after (right) applying the cut flow of
Tab. 6.
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Heavy Neutral Higgs in BLSSM at the LHC
I—Search for Heavy Higgs Bosons at the LHC

Ln' 5 hh — bbyy

Cuts (select) | Signal (S): m,, =325 cev) | Background (B) S/ve

Initial (no cut) 99.70 24948.0 0.63100
Ep > 240.0 84.40 + 3.60 10909.3 =+ 78.4 0.80771 + 0.00033
Moy < 130.0 37.55 + 4.84 1834.4 + 41.2 0.87683 + 0.00257
Moy > 120.0 36.00 + 4.80 275.0 + 16.5 2.16900 + 0.01500

Table 4: pp — h' — hh — bby~y cut flow my,, = 325 GeV.

3000 ™)
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N.ofaab b combinations (L,

700 200 300 400 500
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Heavy Neutral Higgs in BLSSM at the LHC
I—Search for Heavy Higgs Bosons at the LHC
Ln 2z - a

m The process pp = h' — ZZ — 40 (£ = e, ) Feynman diagram

g

e <
e

m In the narrow width approximation, the total cross section can be
written as

olpp—=h — ZZ — 40) =~ o(pp — h') x BR(K' = ZZ) x (BR(Z — 2())?,
(31)
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Heavy Neutral Higgs in BLSSM at the LHC
I—Search for Heavy Higgs Bosons at the LHC
Ln 2z - a

— H320zz41

— pp4dl

=300.0 fb')

int

N. of 1+ 1+ I- I- combinations ( L_

1 (I)O 260 360 460 S(I)O 600 700 8(IJO
M [ 1+1+1-1- ] (GeV/c?)

Figure 3: Number of signal events for pp — h/ — ZZ — 4/¢ decays at mass

mp = 320 GeV (red) induced by ggF and VBF versus the invariant mass of the
final state 4/, at a center-of-mass energy /s = 14 TeV and integrated luminosity
300 fb~! of luminosity alongside the relevant background events background
(blue) before (left) and after (right) applying the cut flow set of Table 5.
Corresponding cross sections and branching ratios are given in Table 5.
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Heavy Neutral Higgs in BLSSM at the LHC
I—Search for Heavy Higgs Bosons at the LHC
Ln 2z - a

Cuts (select) | Signal (S): m,, -0« | Background (B) S/ve
Initial (no Cut) 163.00 7491.0 1.88000

Ep > 340.0 90.44 + 6.35 874.9 £ 27.8 3.05764 £ 0.00654

Table 5: pp — h' — ZZ — 4¢ Sg vs Bkg number of events for my, = 320 GeV
before and after cut on the scalar sum of the transverse energy of all final state
objects Er.

~ 9 T T T T T T T
= — H3202241
=] 8

H — ppdl

" 7

S

g

g s

2 4

H

2 s

2

x

5

Z

100 200 300 400 500 600 700 800
M [ I+ 1+ 1-1- ] (GeV/c?)
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Heavy Neutral Higgs in BLSSM at the LHC
L Search for Heavy Higgs Bosons at the LHC
Lo 5 ww = ete— + Bp

m The process pp — h' — ZZ — 44 ({ = e, p) Feynman diagram
o(h = WW — (T0~ + Er) ~ 0.015 (pb), (32)
o(pp = WW — (Y0~ + Fp) ~ 3.400 (pb), {=e,p. (33)

4 | H320ww2imet — H320ww2Imet
— pp2Imet —— pp2imet

Events ( scaled to one )

100 200 300 400 500 600 700 800 900 1000 o 100 200 300 400 500 600 700 800 900 1000
¥ (GeV) M [1+1- ] (GeV/c)

—— H320ww2lmet
— pp2imet

Events ( scaled to one )

100 200 300 400 500 600 700 800 900 1000
M, (GeV)
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Heavy Neutral Higgs in BLSSM at the LHC
I—Search for Heavy Higgs Bosons at the LHC
La = ww — ete— + Bp

Cuts (select) | Signal (S): my =320 Gev | Background (B) S/vB
Initial (no cut) 4611.0 1020000 4.57
Ep > 120 973.1427.7 31395.0 £ 174.0 | 5.49 = 0.00085
Mgy > 120 362.0 + 18.3 3672.0 £ 60.5 5.97 + 0.00434
Megs > 220 3214 +17.3 2346.0 + 48.4 6.64 = 0.00611

Table 6: pp — b/ — WW — ¢4~ 4 F Signal versus Background number of
events for my, = 320 GeV.
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Heavy Neutral Higgs in BLSSM at the LHC

L Conclusion

m BLSSM is a minimal extension to MSSM which accounts for neutrino
masses.

m Phenomenology of BSM Higgs is viable in BLSSM than in MSSM.

m Prope of a heavy C'P-even neutral Higgs boson is possible in BLSSM
than in MSSM through b/ — hh, ZZ,WW for mp: ~ O (few GeVs).
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