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Abstract . Recently, using a very simple approximation scheme which ancludes the most important terms in the radiative corrections {or the
Higgs masses 1 the Mimmimal supersymmetric standard model (MSSM), Haber ef al have estimated the Higgs masses over a very lage tracuon of MSSM
parameter space The purpose of this paper 1s to apply the method of solving the renormalizaton group equatons fer top quark and bottom guatk
Yukawa couphings n the two-Higgs doublet model given by Partda and Usmam 1o the above studies of Haber er al Here the effects of the tunming vacuum
expectation values (VEVS) 1n the two Higgs doublet model below g M, have also been taken into account 1in terms of soluttons of RGEs tor the
VEVS vi() and vy(4) It may be mentioned that at mass scales below M. the solutions of the non-SUSY (Supersymetry) two Higgs doublet modet
arc used Interestingly, new sesults are obtained from systematic studies on the mass of hghtest Higgs boson tn MSSM which have importance m view

of the LEP2 data and future LLHC ¢xpenments
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1. Introduction

The standard model of particle physics is consistent-with all
experimental data except that the predicted Higgs bosons,
required for giving masscs to quarks and Ieptons, have not
been observed. The discovery of Higgs boson will provide the
proof that in the minimal standard model. the Higgs mechanism
1s the correct description of electroweak symmetry breaking [ 1].
The minimal standard model Higgs sector 15 not theoretically
well-motivated due to the naturalness (or hierarchy) problem.
The simplest and economical model realizing low energy
supersymmetry is thc minimal supersymmetric standard model
(MSSM) [2] which can naturally accommodate clementary Higgs
bosons. In MSSM, a supersymmetric partner is added to cach
quark, lepton and gauge boson. Moreover, it contains (i) minimal
gauge group : SU(3), xSU(2), xU(1)y ; (ii) minimal particle
content : three generations of quarks and leptons and two Higgs
doublet plus their superpartners; (iii) an exact discrete R-parity;
(iv) supersymmetry breaking parametrised by explicit but soft
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MSSM. renormahization group equation (RGE) Higgs masses

breaking terms which includes gaugino, scalar masses and
trilincar scalar couplings.

The MSSM Higgs scctor is very much constrained by the
concept of supersymmetry. The Higgs boson search will play a
dominant role in the LEP2 programme and LLHC. There are
numcrous works on the study ot Higgs masses within the
framework of MSSM |3].

The paper is organised as follows. The theory 1s given in
Scction 2. The RGEs for top quark, bottom quark couplings,
v,(4) and v,(l) along with their solutions for two-Higgs
doublet model are given in Section 3. The RG-modified Higgs
masses without s-quark mixing effect in the framework of the
model of Haber er al is given in Section 4 whercas the
corresponding RG-modified Higgs masses with s-quark mixing
18 given in Section 5. The results and discussions arc given in
Section 6. Conclusions are given in Section 7.

2. Theory

The MSSM Higgs sector contains two Higgs doublet [2]. The
scalar particles are two CP-even,scalars h® and HO (with
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my S myo ), a CP-odd scalar A® and a charged Higgs pair H*.
At the tree level, all Higgs masses depend on two parameters
m,o and the ratio -:f— of Higgs vacuum expectation values (=
tan B ). The tree level bound is (mfu ) € m,lcos2B |. The Higgs
masses increase [4,5], when the radiative corrections are
included. The method of calculation of radiative corrections are
given in Haber and Hempling [6]. Following Ref. [6], the one-
loop corrected Higgs mass is given (symbolically) by

M2 =MZ+AMY, +AME,. 1))

Here O refers to the tree level results. The subscript 1LL
refers to the one-loop leading logarithmic approximation to the
full onc-loop calculation and the subscript ‘mix’ refers to the
contributions duc to g, —g, mixing effects of the third
generation s-quarks. The CP-even Higgs mass squarcd
cigenvalues [6] are

i ) 2
'"fw.ho=5[M{.+M§2 iJ[Mf,—M.ZZ] +4<M§2)2]. @

The explicit formula for A M7, , and (A M?),,, givenby
Haber et al [6] are used for our studies.

3. Renormalization group equations (RGEs) for top and bottom
quark couplings and their solutions for two-Higgs doublet
model

At the beginning, we like to mention that we use the solutions
of the non-SUSY two Higgs doublet model below the SUSY
scale. In this model, the quark mass is the product of the Higgs-
quark Yukawa coupling (h,) and the appropriate vacuum
expectation value. Haber and l:llcmpling [6] have solved the RGEs
for top and bottom quark couplings using some approximate
values for m, (1) and my,(u) fortwoscales viz. M o = O(M,)

and M o =O0(M,,,) where the values of m,(u) and m,(u)
are given in the two-Higgs doublet non-supersymmetric model
by

|
”'I;(ﬂ)’-'—ﬁhh(l»‘)w(ﬂ), (3)
m (M) = 'j—;hr (H)va (), @)

along with the well-known normalization condition viz.

vi+vi=4ml | g? = (246 GeV)>. ®

The renormalization group equations for the top quark,
bottom quark and 7 lepton Yukawa couplings in the two-Higgs
doublet model are solved by Parida and Usmani [7] for
m, < u S M, where M is the mass scale and M_ is the quark
lepton unification scale. We consider the effect of mass scale
(M) onthe running VEVs v{(u) and v,(u) [8,9]. Now, the top

(h,) and bottom (h,) quark Yukawa couplings satisfy the
following coupled renormalization group equations (RGEs) (7).

dh v 1
20n Y,y 1 z_z b) 2

167 —“it—' =hn, 2 h‘ + ) h,, : C, 8, (©)
. dhy 9,2, 1, z ) 2

16 -;r—'-_-'h;, ',',-hb +;h, - C, 8 el

On the other hand, the vacuum expectation values v, (u)
and v, (u) satisfy the following renormalization group equations
[8.9]

dv
14V 2 v) 2
16 _(1—;——‘)2 -3h, +ZC, 8, ®)
lﬁﬂzgﬁv:v. —3/1,,2+2C,(”g,2 ©)
dr
In egs. (6) - (9) we have r=Inpu, C" =(-‘2-Z—)%8)
¢ =(5.3.8) and ¢V = (£.2,0):i=",2L,3C. Following

Parida and Usmani |71, for u > m, , the solutions of eqs. (6) and
(7) are

____h’(m')ey:*.“h

h(u)= (1)
T
h, (m, s
hh(#)=-ﬁ£{ilej"’+§’”» (n
'h
where
l -
‘In# Wy izt (12)
Inm, 1677~
and
o, (U4) 2
A =l ——1| . (13)
! (a,(m»J

The functions A, (f =1,b) are obtained by integrating out
the gauge coupling contributions in eqgs. (6, 7) and keeping
terms upto one-loop out of the two-loop approximation

! : --—f—l—lnﬁ—
o) o(m) 2r m (4
where
/41
5
-3 15)
-7
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Next, following the method of Parida and collaborators {8,
9], the solutions of egs. (8) and (9) for the VEVs v,(u) and
v, (M) are given by

Ay

i v x e

vy (1) =v,(m,
2tH 2(m o, (m,) (e
v = v (m, )Hl _9“‘,.(}1_)_ X ¢ amn
Lo (my)
Now eqgs. (16) and (17) give
tan B(u) = tan B(m, yxe Vit (18

The eqgs. (10), (11, (16) and (17) can be used incgs. (3) and
(4) for calculaung my, (&) and m,(g) . which occui n the
formulas for the Higgs masses. Fora given tan (= :-‘~) -the A,

]

and s, Yukawa couplings are computed at g = m, using the
following relations

my(m,)

1] =
WU S sin B

(19)

niy, (my )

fy,(m, ) =
o 174sin 8

(20)

The egs. (10-20) arc used in the model of Haber and Hempling
[6] tor the calculation of RG-modified Higgs masses
4. RG-maodified Higgs Masses without s-quark mixing

In our work, we use the analyte solutions of RGEs given by
Panda ef al {7-9] which are summartzed i Sectuon 3 We apply
these techniques 1o the one loop leading logarithmie CP-cven
Higgs squarcd mass matrix given by 6}
2 2 2 o)

Mij = Mi+aMyy, . 2h

where the dominant effects of RG-improvement is given by

M i = M (my (). m, (1)), (22)

Ho=dm Mgy o 1, =Jm Mgy, 23)

In our study, we vary the parameters over a wide range
relevant to LEP2 and LHC.

5. RG-modified Higgs masses with s-quark mixing

Here, we consider the effects arising from mass splitting and
41 = r mixing in the third generation s-quark sector. We follow
the formalism of Haber er al [6] except that we consider the
solutions of renormalization group equations given by Parida e
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al | 7-9]. We also consider the parameters at the LHC range. At
onc-loop, the s-quark mixing introduces the shifts A M7, and
(4 MI:I’ Yr . For My =My =M, =M,  the relevant
formulas are given in Ref. [6] For non-zero squark mixing, M ;
18 generalized (o

Mg =M, +A M,;’,“ =M (m,(;l, ),m, (4, ))

+A M,':m (m,(/.l, Yoy, (L, )). 24

The details of calculations of Higgs mass squared are given
in Ref. [6].

6. Results and discussion

The results of our systematic studies on the hightest Higgs boson
masses (m, ) in MSSM arc given in Figures (1-8) The varation
o MLl an By tor
muximng as well as non-muixing cases are studied. First, Figure 1

ol m, with different parameters ike M

shows that for tan = 1.5 n the non-nuxing case, m, can vaty
from about 4010 94 GeV, when M| vs varied from 200 to 2000
GeV. In the conteat of LEP2 bounds on the mass of the hightest
Higgs in MSSM. tan 8 =15 s 1uled out. For large tan 3 = 20
and 50, m, varies from 9310 122 GeVsas M| varies tromabout
20010 2000 GeVs for 4 = 1TeVom, = 1TeV Inthis case. M s
very large (F'TeVyand fo= 1'TeV
Mu=1Tev MA -1 TeV

1ov M tan(B) - 16
tan(tt) . 20
tan(l3) « 50

120
10 -

100

Mn 1Gey)
]

30 -
200 400 600 800 100 1200 1400 1600 18O 2000

Msusy (GeV)

Figure 1. The radiauvely corrected ight CP-cven Hoiggs mass (m) s
plotted aganst M, for ¢ =1 TeV. M = | TeV in the cases of an fi =
1.5, 20, 50

Next Figure 2 shows that for M, = 100 GeV, m, varies from 92
to 100 GeVan the non-mixing case for M varying from about
200102000 GeV fortan 8 =50and 4 =200GeV. For M, = 500
and 1000 GeVs, m, can vary from 93 to 130 GeVsforM  varying
from 2000 2000 GeVs for 4 =200 GeV. This scenario holds for
tan B =50. It may be mentioned that in Figure 1 also, tan 8 =50

gives similar results on m, in conformity with LEP2 bounds.
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Again Figure 3 gives similar studies as in Figure 2 except that
tan B (= 1.5) is very smalfl in this case. Interestingly, the m,
values are much lower than the LEP2 bound on m,. Here @,

tan(B) = 50
130 M N M v MA"= 100 GeV -
MA ~ 500 GeV. -
MA = |QOQ,G.V
125 LT 1
."- "'
120 + ‘4" .
p
"/
15 ol
ﬂ/'
/
101 7/ k
y
,
105 /
/
100 / P <
/I
95 |
400 600 800 1000 1200 1400 1600 1800 2000

Msusy (GeV)

Figure 2. m, is plotted against M_ _for tan B = 50, 4 = 200 wn the cases

of M, = 100, 500, 1000 GeV

v

varies from 32 to 70 GeVs as M is varied from 200 to 2000
GeVs. This study suggests that the combination of low tan f8
(=1.5)and low U (=200) are ruled out in MSSM. On the other
hand, in Figure 4, the parameters are same as in Figure 3 except
that tan B (= 20) is larger in this case. For M, = 100 GeV, m,
varies from 90 to 100 GeVs which lie below the LEP2 bounds on
m,. Hence, M , = M is ruled outin MSSM. But for M, = 500
and 1000 GeVs, m, can take values from 9210 129 GeVsfor M,

varying from 200 to 2000 GeVs. Thus, large tan 8 and low
1 (=m,) seem to be favored by MSSM.

an(B)=15
10 i ' MA = 100 GeV
MA « 500 GeV
MA = 1000 GeV
100 | IR
90| PRI
g0t e
5 <
]
e /-————_-
s | -
= T

30 . s . . . " e e d
200 400 600 800 1000 1200 1400 1600 1800 2000
Msusy (GeV)

Figure 3. m, 1s plotted against M, fortan B = 1.5, 4 =200 in the cases
of M, = 100, 500, 1000 GeV.

Again, Figure 5 gives variation of m, with M, for M, =
1000 GeVs, tan 8 = 20 in the non-mixing and mixing cases. In

the non-mixing case, m, varies from 92 to 130 GeVs for M

tan(B) = 20

130 MA ~ 100 GeV

MA = 500 GeV ..-=""
MA = 1000,GeV

126 e
120 | -

ns ¢ p -
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~\,

110 /
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Figure 4. m, 15 plotted against M fortan f§ =20, g = 200 1n the cases

of M, = 100, 500, 1000 GeV

[

varying from 200 to 2000 Ge Vs. In the mixing casc for the same
values ofMA (=1000GeV)andtan B (=20), there 1s no change
in the variation of m, when Uy = M,.., . These results arc
allowed by LEP2 bounds on the hightest Higgs boson mass.

MA =1 TeV, tan(B) = 20

130 non mixing
mixing...

125
120

115

(G

110
105
100

95

90
200 400 600 8OO 1000 1200 1400 1600 1800 2000

Msusy (GeV)
Figure 8. m, is plotted against M, for M, =1 TeV, tan f =20, y =200
and My =M, n the mxing and non-mixing cases.

Figure 6 also gives similar studies to that given in Figure 5
except that here tan - is very small (= 1.5). The values of m, in
the non-mixing case, vary from 42 to 102 GeVs for M varying
from 200 to 2000 GeVsin case of M, = 1 TeV, 4 =200GeVs and
these results are not possible according to LEP2 data. In the
mixing case for the same values of M, (= 1 TeV) and tan B (=
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| §). m, varies from about 52to 106 GeVs for My = M.\ in the
case of M, varying from 200 to 2000 GeVs. Hence, probably
the combination of large M, and small tan B are not possiblc in
MSSM. Thus, Figure 6 shows that for large M A (=1TeV)and
very small tan B (= 1.5), the results in both the non -mixing and
mixing cases are unallowed in MSSM by LEP2 data. Hence, we

should restrict tan B to large values.

MA = 1TeV, tan(B)=15

M0 -~ v T Ty sy L o4
non-mixing
mixing
100 . .
90 - 4
% 80 <
e
£
2

-k

40l
200 400 600

800 1000 1200 1400 1600 1800 2000
Msusy (GeV)

Figure 6. m, 1s plotted agamst M for M, =Y TeV.tan B = 15, g =200

and My = M, in the mixing and non-muxing cases

mo

Figure 7 gives m, in the non-mixing and mixing cases for M,
=100GeV,tan B =20forM varying from 200102000 GeV. In
both the cases, the maximum values of m, lics between 90 and
99 GeVs. Hence, these results are ruled out by the LEP2 data,
suggesting that the combination of low M, and large tan § arc
not possible. Lastly, Figure 8 gives the variation of m, with tan

MA = 100 TaV, tan(B) =20

n-mixtng
mixing

100 ¢

Gev)

“200 400 600 800 1000 1200 1400 1600 1800 2000
Msusy (GeV)
Figure 7. m, is plotied against M for M, = 100 GeV, tan f = 20,
M =200 and Mgz =M, in the mxing and non-mixing cases

B (1-50) for M, =200GeV. 1 =200GeVsand H;; = M, =1
TeV in the non-mixing and mixing cases. In the non-mixing case,
m,, varics from 7510 120 GeVs astan B is vaned from 1 to 50.
Here, m, 1s very sensitive to tan 8 fortan 8 varying from 1 --
10. The results on m, are not so sensitive to tan § for tan
varying fr()m 1010 50. For example, in the mixing case, m, varies
from 11810 119 GeV astan B varies from 1110 50. For 1 <tan S
<3, m, varies from 75 to 102 GeVs which are ruled out in MSSM.
These results on the varation of m, withM_ fortan § =20,
M, =1 TeV are comparable with the results of other authors

(6. 10].

MA = 200GeV, Msusy = 1 TeV
120

n-mixing
o mixing

115 /"’
110

105

Mh (Gev)
8

70 beta

0 5 10 15 20 25 30 35 40 45 S0

Msusy (GeV

for M, = 200 GeV. Hy = M
TeV, # =200 m the mixing and non-mixing cases

Figure 8. m, 1s plotted against tan wny =1

7. Conclusions

Thus, on the basis of our studies with the RG-improvement 1n
the Higgs sector of the MSSM, we observe the following

(1)  the hghtest Higgs mass in the MSSM dcepends
sharply on the paramcters like M,, tan B and

M .

AL/ANY

@iy forM varying from 200 to 2000 GeV, very small
values of tan f (= 1.5)and M, ( = 100 GeV) arc
ruled out.

(i)  for M, varying upto 2 TeV, large values of tan 8
(20--50) and M, (500--1000 Ge V) are allowed by I.EP2
data.

(1iv)  theeffects of running VEVs on the Higgs masscs arc
small (~ few Gevs).

We find that the upper limit of the value of m, is equal to 130
GeV (Figure 2). The Higgs masses under certain sets of
parameters lie well within the reach of the LEP2 Higgs search.
We hope that some of the results given in our studies will be
verified by the future experiments.
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