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Higgs discovery is very important for SUSY searches for its simplest low energy manifestation. The most celebrated

extension of the Standard Model - the Minimal Supersymmetric Standard Model (MSSM) is extended to contain

three neutral and two charged scalar bosons. The mass of all MSSM Higgs bosons depends on the SUSY parameters.

Using exclusion limit from the hard single lepton channel in the (m0,m1/2) plane for the mSUGRA/CMSSM model

we calculated CP-even Higgs boson branching ratios and its production cross sections at the LHC as a function of the

c.m. energy. With the help of computer program PYTHIA 8.2 we calculated limits on σ(pp → tH+)B(H+ → τ+ντ )

and σ(pp → tH+)B(H+ → tb) in the mass range of charged Higgs boson mH+ = 1500...3500 GeV. In the mass range

mH+ = 450...700 GeV we compared the production cross section of charged Higgs boson with experimental data on

the upper limits on σ(pp → tH+) for l + jets final states and found good agreement.

PACS: 11.25.-w, 12.60.Jv, 02.10.Ws

1. INTRODUCTION

String theory as the theory, that unifies the dif-
ferent observed forces and particles within the frame-
work of a comprehensive theory, in some sense re-
quires gauge symmetry for its internal consistency.
Many of the divergences associated with field theory
are absent in string theory. Despite the lack of ex-
perimental proof, string theory is today one of the
most perspective theories as it solves a number of
problems:

• the gauge hierarchy problem;
• a coupling of gauge theories to gravity;
• predicts low energy supersymmetry.

Fig.1. Local model of a Calabi-Yau fourfold B

String theory as incorporating gauge particles,
matter and interactions among them describes the
real world as the framework for including gravity,
and deciding hierarchy problem [1]. Superstring the-
ory that describes both bosons and fermions, re-
quires ten dimensions. The geometry of superstring
theory or, more precisely, the string vacuum corre-
sponds to the space of the form R4 × X, where R4

is Minkowski space and X is compact manifold (for
example, Calabi-Yau manifold, B), which admits an
elliptic fibration (Fig.1).

2. MSSM MODEL

To know which vacuum out of the set of vacua
corresponds to our world, we will use experimen-
tal data. As unification energy scale, 1019 GeV,
the way to achieve this is to include unified gauge
theory in brane. The A-D-E type of elliptic fiber
singularity corresponds to gauge theory, in par-
ticular, SU(5) GUT theory. Thus, the data of
an SU(5) bundle over R4 × S (S ⊂ X, con-
tractible inside X) lead to the Standard Model
gauge group. At high energy scale the Standard
Model coupling constants come together at a dis-
tance of about 10−30 cm, assuming a supersym-
metric completion (Minimal Supersymmetric Stan-
dard Model (MSSM)) of the Standard Model (Fig.2).

Fig.2. Inverse gauge couplings α−1 in the Standard
Model (left) and the MSSM model (right)
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Yukawa couplings cαβγ as triple interaction of three
branes Si, supported by Yukawa gauge groups Gi,
correspond to triple intersection pijk with enhanced
gauge group Gijk

cαβγ = ϕα
ij(pijk)ϕ

β
jk(pijk)ϕ

γ
ki(pijk),

where ϕα
ij corresponds to zero modes of Dirac oper-

ator for matter fields on Σij as the intersection of
each pair of branes Si, Sj . Matter content corre-
sponding to Σ of Fig.1 is represented as curves of
different colors in Fig.3 for SU(5) GUT [2]. Triple
intersection of colored curves corresponds to Yukawa
couplings according to dimensional reduction of the
corresponding space-time: Σ ⊂ S ⊂ B.

Fig.3. Matter content (colored curves) and Yukawa
couplings as intersection of curves

The 1-loop RG (Renormalization Group) equations
for the Standard Model gauge couplings g1, g2, g3 are

βgα ≡ d

dt
ga =

1

16π2
bag

3
a,

(b1, b2, b3) =

{
(41/10,−19/6,−7) Standard Model;
(33/5, 1,−3) MSSM,

where t = ln(Q/Q0), with Q the RG scale and Q0 -
input scale. The loop expansions for calculations of
gauge couplings are necessary for describing physics
near the electroweak scale. Yukawa couplings can in-
duce masses for all Standard Model fermions. The
gauge-invariant renormalizable superpotential with
exact R-parity for the MSSM fields (up and down
quarks and squarks, other quarks and squarks, elec-
trons and selectrons leptons and sleptons and Higgs
doublets) is the following [3]:

WMSSM = yuIJHuQIUJ + ydIJHdQIDJ

+yeIJHdLIEJ + µHuHd .

Besides the supersymmetric interactions we need in
SUSY breaking on the MSSM fields by soft SUSY-
breaking terms:

Lsoft = −1
2

3∑
a=1

Matrλaλa + h.c.

−m2
QIJ q̃

+
I q̃J −m2

UIJ ũ
+
I ũJ

−m2
DIJ d̃

+
I d̃J −m2

LIJ l̃
+
I l̃J −m2

EIJ ẽ
+
I ẽJ

−aUIJhuq̃I ũJ − aDIJhdq̃I d̃J − aEIJhd l̃I ẽJ
−m2

Hu
|hu|2 −m2

Hd
|hd|2 − (bhuhd + h.c.) .

HereMa are complex gaugino masses, m2
Q,U,D,L,E are

hermitian squark and slepton mass matrices, aU,D,E

are general complex matrices of trilinear scalar cou-
plings, m2

Hu
and m2

Hd
are real mass parameters for

the up-type and down-type Higgs fields, and b is a
complex mass mixing parameter for the Higgs scalars.
Using scalar potential for the Higgs scalar fields

V = (|µ|2 +m2
Hu

)|h0
u|

2
+ (|µ|2 +m2

Hd
)|h0

d|
2

+(bh0
uh

0
d + h.c.)

+ 1
8 (g

2 + g
′2)(|h0

u|
2 − |h0

d|
2
)2 ,

and due to the electroweak symmetry breaking in the
MSSM at a scale

υ2 = υ2
u + υ2

d = (174 GeV)2 =
(246 GeV)2

2
,

(h0
u = υu, h

0
d = υd) we receive the mass eigenvalues

for five Higgs bosons:

H± charged Higgs boson pair;

A0 CP-odd neutral Higgs boson;

H0, h0 CP-even neutral Higgs bosons :

m2
A0 = 2b

sin2β = 2|µ|2 +m2
Hu

+m2
Hd

,

m2
h0,H0 = 1

2 (m
2
A0 +m2

Z

∓
√
(m2

A0 −m2
Z)

2 + 4m2
Zm

2
A0sin

22β) ,

m2
H± = m2

A0 +m2
W .

3. SCENARIOS OF RECENT
EXPERIMENTAL DATA AND SEARCHES

FOR ADDITIONAL HIGGS STATES

As is known from the previous review, MSSM
model predicts extended Higgs consisting of five
Higgs bosons, two CP-even, one of which is a light
Higgs state h, and H, a CP-odd A and two charged
H± states. The Higgs discovery is very important
for SUSY for its low energy manifestation. As an
additional argument for this statement we can rep-
resent the dependence of the cross section for the
gluon-gluon Higgs boson production H0 on the en-
ergies at future colliders, calculated by application
of computer program PYTHIA 8.2 [4]. As can be
seen from Fig.4, the production cross section for
additional Higgs state H0 became larger at higher
energies of colliders, that can be achieved in future.
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Fig.4. The dependence of Higgs boson production
cross section H0 on the energies at future colliders

The superpotential W of MSSM model depends on
more than 100 parameters. The restriction of this
parameter space, based on observational hints and
theoretical considerations of Yukawa coupling con-
stants, allows to consider the following five free pa-
rameters [5]: m0,m1/2, A0, tanβ, sgnµ, where m0 and
m1/2 are the masses of scalar and spinor superpart-
ners, respectively; A0 is the parameter of the trilinear
interaction, tanβ is the ratio between the vacuum ex-
pectation values of two Higgs doublets, and sgnµ is
the sign of the Higgs mixing parameter. The ap-
plication of recent experimental data [6] obtained
by the ATLAS Collaboration for the proton-proton
collisions allowed us to consider eight scenarios of
the MSSM model, presented in Table, as such that
exceed recent experimental observations shown in
Fig.5.

Fig.5. 95 % CL exclusion limit from the hard
single-lepton channel in the (m0,m1/2 ) plane
for the mSUGRA/CMSSM model. The observed
nominal limit is shown by a solid dark red line,
with the dark red dotted lines indicating the ±1σ
variation on this limit due to the theoretical scale
and PDF uncertainties on the signal cross section

Eight scenarios of MSSM model

m0, GeV m1/2, GeV A0, GeV tanβ sgn(µ)

I 1000 750 -2000 30 +1

II 1800 700 -3600 30 +1

III 2000 750 -4000 30 +1

IV 2200 640 -4400 30 +1

V 3000 630 -6000 30 +1

VI 3200 630 -6400 30 +1

VII 4000 620 -8000 30 +1

VIII 4800 570 -9600 30 +1

Using the restricted parameter set of Table and by
application of the computer program SDECAY [7],
we presented the most significant branching ratios for
H0 decays: H0 → bb,H0 → τ+τ−,H0 → tt (Fig.6).

Fig.6. The branching fractions of H0 to bb (red),
τ+τ− (blue), tt (green)

A search for a charged Higgs boson was performed
with a data sample corresponding to an integrated
luminosity of 19.7± 0.5 fb−1 collected with the CMS-
detector in proton-proton collisions at

√
s = 8TeV

[8]. H+ → τ+ντ and H+ → tb decay modes were
considered in the search as the most probable decay
channels of charged Higgs boson, produced most fre-
quently via tt production. In the considered MSSM
scenarios the charged Higgs boson preferentially
decays to a τ lepton and corresponding neutrino,
H+ → τντ . A representative diagram for the decay
mode of charged Higgs boson is shown in Fig.7.

Our purpose was to calculate the cross section
times branching fraction σ(pp → tH+)B(H+ → τ+ντ )
in the mass range m+

H=1500...3600GeV for proton-
proton collisions at

√
s=14TeV.
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Fig.7. Production mode of the charged Higgs boson
through tt production

The results of calculations for charged Higgs boson
by application of computer program PYTHIA 8.2 [4]
are presented in Fig.8.

Fig.8. Dependence of σ(pp → tH+)B(H+ → τ+ντ )
with mH+=1500...3600GeV for the H+ → τντ
search at

√
s=14TeV

In the mass range mH+=180...600GeV, the anal-
yses of the µτh, l+jets, and ll

′
final states have

sensitivity to both H+ → τντ and H+ → tb de-
cays [9]. So, we provided results of calculation for
σ(pp → tH+)B(H+ → tb), presented in Fig.9.

Fig.9. Dependence of σ(pp → tH+)B(H+ → tb)
with mH+=1500...3600GeV for the H+ → tb search
at

√
s=14TeV

For comparision of our results with experimental
data in the low energy region, we have calculated the
production cross section of charged Higgs boson at√
s=8TeV as a function of its mass with the help

of computer program PYTHIA 8.2 [4]. As can be
seen from the experimental data of [9], the character
of production cross section dependence on the Higgs
boson mass in the mass range mH+=450...730GeV
is almost the same, but the accordance is best in the
higher mass range, see Fig.10.

Fig.10. Production cross section of charged Higgs
boson H+ at

√
s = 8 TeV

4. CONCLUSIONS

The searches for additional sector of MSSM Higgs
bosons are most preferred for the possible opening
of SUSY at the LHC. Since Higgs boson production
cross section significantly increases with increasing
of energy at the LHC, such searches are relevant at√
s=13 TeV in pp-collisions. Considering eight sce-

narios associated with searches for supersymmetry at
the LHC, we calculated the branching ratios for the
decays H0 → bb,H0 → τ+τ−,H0 → tt. Since decay
modes H+ → τ+ντ and H+ → tb are the most prob-
able decay channels of charged Higgs boson, we have

presented dependences of σ(pp → tH+)B(H+ →
τ+ντ ) and σ(pp → tH+)B(H+ → tb) in the mass
range of charged Higgs boson mH+=1500...3500GeV
at

√
s=14TeV. From these results it follows that

with the growth of the Higgs boson mass, the pro-
duction cross section significantly fall. This fact is an
additional stimulus for searches of MSSM additional
Higgs states in the mass range up to 1TeV, which
indirectly proves the recently announced by ATLAS
and CMS collaborations discovery of excess around
750GeV in the two-photon spectrum with about 3σ
[10].
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ÝÊÑÏÅÐÈÌÅÍÒÀËÜÍÛÅ ÏÎÈÑÊÈ ÄÎÏÎËÍÈÒÅËÜÍÎÃÎ ÑÅÊÒÎÐÀ ÁÎÇÎÍÎÂ

ÕÈÃÃÑÀ ÍÀ ÁÀÊ

Ò.Â.Îáèõîä

Îòêðûòèå áîçîíà Õèããñà ÿâëÿåòñÿ âàæíûì äëÿ ïîèñêîâ ñóïåðñèììåòðèè áëàãîäàðÿ íåâûñîêîìó ýíåð-
ãåòè÷åñêîìó ïîðîãó. Íàèáîëåå èçâåñòíûì ðàñøèðåíèåì Ñòàíäàðòíîé Ìîäåëè ÿâëÿåòñÿ Ìèíèìàëüíàÿ
Ñóïåðñèììåòðè÷íàÿ Ñòàíäàðòíàÿ Ìîäåëü (ÌÑÑÌ), ñîäåðæàùàÿ òðè íåéòðàëüíûõ è äâà çàðÿæåííûõ
ñêàëÿðíûõ áîçîíà. Ìàññà áîçîíà Õèããñà çàâèñèò îò ñóïåðñèììåòðè÷íûõ ïàðàìåòðîâ. Èñïîëüçóÿ ïðî-
ñòðàíñòâî ïàðàìåòðîâ (m0,m1/2) mSUGRA/CMSSM ìîäåëè äëÿ æëñòêîãî îäíîëåïòîííîãî êàíàëà, ìû
ïîñ÷èòàëè øèðèíû ðàñïàäîâ äëÿ ÑÐ-÷ëòíîãî áîçîíà Õèããñà è âåðîÿòíîñòü åãî îáðàçîâàíèÿ â ÁÀÊ êàê
ôóíêöèþ ýíåðãèè â ñèñòåìå öåíòðà ìàññ. Ñ ïîìîùüþ êîìïüþòåðíîé ïðîãðàìû PYTHIA 8.2 ìû ïîñ÷è-
òàëè σ(pp → tH+)B(H+ → τ+ντ ) è σ(pp → tH+)B(H+ → tb) äëÿ çàðÿæåííîãî áîçîíà Õèããñà â îáëàñòè
ìàññ mH+=1500...3500ÃýÂ. Â îáëàñòè ìàññ mH+=450...700 ÃýÂ ìû ñðàâíèëè ñå÷åíèå îáðàçîâàíèÿ äëÿ
çàðÿæåííîãî áîçîíà Õèããñà ñ ýêñïåðèìåíòàëüíûìè äàííûìè íà âåðõíèé ïðåäåë íà σ(pp → tH+) äëÿ
l + jets êîíå÷íûõ ñîñòîÿíèé è íàøëè õîðîøåå ñîãëàñèå.

ÅÊÑÏÅÐÈÌÅÍÒÀËÜÍI ÏÎØÓÊÈ ÄÎÄÀÒÊÎÂÎÃÎ ÑÅÊÒÎÐÓ ÁÎÇÎÍIÂ ÕIÃÃÑÀ

ÍÀ ÁÀÊ

Ò.Â.Îáiõîä

Âiäêðèòòÿ áîçîíà Õiããñà ¹ âàæëèâèì äëÿ ïîøóêiâ ñóïåðñèìåòði¨ çàâäÿêè íèçüêîìó åíåðãåòè÷íîìó ïî-
ðîãó. Íàéáiëüø âiäîìèì ðîçøèðåííÿì Ñòàíäàðòíî¨ Ìîäåëi ¹ Ìiíèìàëüíà Ñóïåðñèìåòðè÷íà Ñòàíäàðò-
íà Ìîäåëü (ÌÑÑÌ), ùî ìiñòèòü òðè íåéòðàëüíèõ i äâà çàðÿäæåíèõ ñêàëÿðíèõ áîçîíà. Ìàññà áîçîíà
Õiããñà çàëåæèòü âiä ñóïåðñèìåòðè÷íèõ ïàðàìåòðiâ. Âèêîðèñòîâóþ÷è ïðîñòið ïàðàìåòðiâ (m0,m1/2)
mSUGRA/CMSSM ìîäåëi äëÿ æîðñòêîãî îäíîëåïòîííîãî êàíàëó, ìè ðîçðàõóâàëè øèðèíè ðîçïàäiâ
äëÿ ÑÐ-ïàðíîãî áîçîíà Õiããñà i ïåðåðiç éîãî óòâîðåííÿ íà ÁÀÊ ÿê ôóíêöiþ åíåðãi¨ â ñèñòåìi öåíòðó
ìàñ. Çà äîïîìîãîþ êîìï'þòåðíî¨ ïðîãðàìè PYTHIA 8.2 ìè ïîðàõóâàëè σ(pp → tH+)B(H+ → τ+ντ )
òà σ(pp → tH+)B(H+ → tb) äëÿ çàðÿäæåíîãî áîçîíà Õiããñà â äiàïàçîíi ìàñ mH+=1500...3500ÃåÂ. Â
äiàïàçîíi ìàñ mH+=450...700 ÃåÂ ìè ïîðiâíÿëè ïåðåðiç óòâîðåííÿ çàðÿäæåíîãî áîçîíà Õiããñà ç åêñïå-
ðèìåíòàëüíèìè äàíèìè íà âåðõíþ ìåæó íà σ(pp → tH+) äëÿ l+ jets êiíöåâèõ ñòàíiâ i çíàéøëè äîáðå
óçãîäæåííÿ.
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