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Higgs boson mass limits in perturbative unification theories
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Motivated in part by recent demonstrations that electroweak unification into a simple group may occur at a
low scale, we detail the requirements on the Higgs boson mass if the unification is to be perturbative. We do
this for the standard model effective theory, minimal supersymmetry, and next-to-minimal supersymmetry with
an additional singlet field. Within the standard model framework, we find that perturbative unification with
sirfé,=1/4 occurs atA=3.8 TeV and requiresn,<460 GeV, whereas perturbative unification with
sirf6,=3/8 requirean, <200 GeV. In supersymmetry, the presentation of the Higgs boson mass predictions
can be significantly simplified, yet remain meaningful, by using a single supersymmetry breaking parameter
Ag. We present Higgs boson mass limits in termsAgf for the minimal supersymmetric model and the
next-to-minimal supersymmetric model. We show that in next-to-minimal supersymmetry, the Higgs boson
mass upper limit can be as large as 500 GeV even for moderate supersymmetry masses if the perturbative
unification scale is low £ =10 TeV).
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[. INTRODUCTION away from the experimentally determined central value is by
no means out of the question. Furthermore, it is possible that
A large gap in our understanding of fundamental physicsa much heavier Higgs boson can conspire with new states
is the mechanism of electroweak symmetry breaking and fertZ’ bosons, new scalars, etto be compatible with the pre-
mion mass generation. Among the many ideas developed t@sion electroweak date8]. In this article we will not focus
explain this phenomena, the most economical explanationn the statistics and solidity of the present Higgs boson mass
postulates the existence of a single scalar Higgs boson. Thignits. Instead, our main purpose is to determine how much
simple explanation has been remarkably successful, in thanformation can be learned about a theory from the Higgs
all precision electroweak data are compatible with it, yet notboson mass whatever it might turn out to be.
compatible with many other more complicated explanations We frame our discussion by first assuming that a Higgs
of dynamical electroweak symmetry breaking. boson exists that couples to SM states in the well-defined
Despite the success of the single Higgs boson theontM way. We then wish to explore what different values of
there are two challenges. First, there are theoretical problentee Higgs boson would imply for supersymmetric and non-
explaining the large hierarchy of fundamental scaleg., supersymmetric gauge unification theories. Our last ingredi-
Mp>my,). And second, we have yet to find the Higgs bosonent is to take into consideration an infinite set of possible
in experiment. unification scenarios parametrized by the value oféjrat
The standard modéEM) Higgs properties are completely the unification scalé\. Most of the previous discussions on
fixed in terms of only one parameter, its mass. UnfortunatelyHiggs boson mass limits have relied strongly on high-energy
the mass cannot be predicted. Precision measurements haweification (A~10® GeV). In our analysis, the scala
constrained the Higgs boson mass to be below 222 GeV atnges from~1 TeV to ~10"® GeV.
the 95% C.L.(see p. 101 of1]). Direct searches ie*e”
—Z+Higgs boson have constrained the Higgs bosor_1 t_o have Il. NON-SUPERSYMMETRIC UNIEICATION
mass above 114.1 GeV at the 95% (J.2]. The remaining
108 GeV window of possible Higgs boson mass is relatively Many years ago it was discovered that the SM fermions fit
narrow and proposals for future experiments have focusedery nicely into two representations 8U(5) and one rep-
heavily on this region. resentation 0SQ(10). Unifying the SM gauge groups also
Nevertheless, a light Higgs boson below 222 GeV is notgives explanation to the unusual values of the hypercharges.
guaranteed for several reasons. First, precision electrowedkrand unification theorie€SUTs) based on these two groups
data is sensitive mostly to the logarithm of the Higgs bosorgained considerable attention and are still of value today.
mass, and small changes in th&fit can yield large changes Non-supersymmetriSU(5)/SO(10) GUTs have at least
in the allowed Higgs boson mass. Using the “all data” fit three major challenges. They have no explanation for the
from Table 13.2 of the LEP Electroweak Working Group huge hierarchy betweeMgyt and my,. The gauge cou-

summary reporfl1], which concludes that plings do not precisely meet at any point at higher energy.
The precise meeting point of the GUT-normalized hyper-
logyo( M, /GeV) =1.94' 033 charge gauge coupling;=g’+/5/3 and theSU(2), gauge
coupling g, is at a scale that would be too low
(all data LEPEWWG fit), (1) (~10" GeV) to satisfy proton decay constraints if the GUT

gauge boson masses were nearby.
we can deduce that theo3(40) upper bound on the Higgs Despite all the problems with these high-scale non-
boson mass is about 372 GeV (603 GeV). A true value 4 supersymmetric unification scenarios, there have been clever
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attempts to salvage the], and probably other clever ways sinzew( A)
that have yet to be discussed. The various attempts to save 0.25 0.30 035 0.40 045
them may require intermediate thresholds, but here we do 700 : . ; .
not admit all those uncertainties and instead analyze the SM = ¢ ¢ Standard Model v ;
evolution up to the unification scalég,r=A where 3 my = 1743 GeV (up=my)
SirPy=3/8 (g,/g’=+5/3). Furthermore, the additional = 300% s 122?&“?:,” ]
threshold corrections and symmetries required to make non- = 400 \ = _____ % 1743 GZV(i:;mZi[mh/z mg)) ]
supersymmetric GUTs work may have very little impact on & 300 F I ex‘pe,imemal limit ' ]
the Higgs sector. Or, more likely, there would exist an inter-
mediate scalé,, perhaps associated with the neutrino see- 200
|
saw scale, such that below it one expects perturbative SM 100 =z
evolution. Therefore, we will keep this idea within the space 0
of possibilities when discussing Higgs boson predictions,
and we will make plots of Higgs boson mass assuming a
perturbative SM evolution below an arbitrary scale The
reader can then associatewith Mgyr, M, or some other FIG. 1. The upper curve is the limit on the Higgs boson mass
scale as he or she pleases. within the standard model such that the Higgs self-coupling remains

A second idea that motivates unification at the low-energyperturbative, i.e.A <\q=8.2, up the scalé\. The lower curve is
scale isSU(3) electroweak unificatioh5—8| (for some ear- the Higgs limit such thah >0 for all scales belowA. The x axis
lier attempts, se¢9—11])). The generic prediction of this can be equivalently expressed&asor the directly correlated value
framework is that the hypercharge a&dJ(2), couplings Of sifé,(A) which is labeled above.
unify at sirféy=1/4 (g,/g’=+3), which translates to a ) )
scale of about 3.8 TeV. It is relatively easy within thesebative:A=2, A=, A=4m, B\=1, etc. These choices, un-
unification models to adjust the value of &y at the unifi- ~ fortunately, depend on the numerical prefactor to the
cation scale to values above 1/4. (®'®)? coupling. For example, if we were to rescale
our goal now is to demarcate the range of Higgs bosoY 224\ (®'®)? the conditions on\ set forth above are
masses that allow for a perturbative unification theory, with €learly much too weak to identify the onset of the non-
perturbative Higgs self-coupling, for each value of?gjp. ~ Perturbative regime. .
We will consider all values of sf#, from 1/4 to 3/8. We therefore seek a definition of the onset of non-
The reader should not get the impression that we are a(perturbative_ behavior which is independent of the numerical
vocating theories with perturbative couplings as somehow@ctors out in front of operators. Our methodology that sat-
more likely than theories with non-perturbative couplings.isfies this aim is to turn off all couplings except the Higgs
Nature’s reality is probably independent of the pain it givescoupling and expand it§ to successively higher loop order,
humans to understand it. Our emphasis here is only that by
analyzing the Higgs sector coupling as given by its mass, we d_K:E i 100p)_ Ly N2t Lo N3t Ls X
can_determ|r_1§ if a perturba_tlve theory is gompatlple witha dt < Fr 1672 (1672)2 (1672)3
particular unification scenario. One exception to this modest
interpretative value to our work here is supersymmetric +.e, (4)
GUTs, where it appears desirable to keep all couplings per- .
turbative so as not to feed into the gauge coupling renormaklwhere in the MS scheme,L;,,=12, —78, and 897
ization group equations and spoil the extraordinary unifica—+5047(3)=1503, respectively12,13. We then identify the
tion of all three gauge couplings of the SM at a high scale.onset of non-perturbativity as when any higher loop order
The Higgs potential for the doublet Higgs fiedel is contribution to the beta function exceeds the value of any
lower loop order contribution. That is,

A
V(®)=—myd d+ 5 (P70)% 2) 1B07D<| 8" (perturbativity conditio (5)

After spontaneous symmetry breaking, three of the four deimplies perturbative coupling, and violation of the condition

grees of freedom are eaten by the weak gauge bosons, leawmplies non-perturbative coupling. Therefore, given our defi-

ing one physical degree of freedom remaining with mass, nition of A from Egs.(2) and(4), N remains perturbative as
long as it is below\ ;=8.2.

m2=\v? (3) In Fig. 1 we plot the upper limit on the Higgs boson mass
that can be expected in a theory that remains perturbative
wherev?=1/\2Gg=(246 GeVY. (i.e., A\<\g=8.2) up to the scald (similar SM analyses can

Requiring the theory remain perturbative up to some scal®e found in[14]). At the bottom of the figure we also plot a
A implies that the Higgs self-coupling<<\y, wherehgisa lower limit of the Higgs boson mass by requiring that
non-perturbative value for the coupling constant. Choosing aemains positive for all scales below. This gives an esti-
numerical value foi g is not easily justified in this analysis. mate for the Higgs boson mass requirement from vacuum
One finds many conditions advocated foto remain pertur-  stability [15].

013010-2



HIGGS BOSON MASS LIMITS IN PERTURBATIVE . .. PHSICAL REVIEW D 66, 013010 (2002

The computation of the perturbative limit was done usingshould be close to the unification scale of simBlg(5) or
full two-loop renormalization group equatiof®GE9 for ~ SO(10) GUT theories; and, the perturbative upper limit for
the SM gauge couplings, Higgs self-coupling and top quarkn,, at the scale where sif,,=1/4, which is relevant for
Yukawa coupling. Other couplings are irrelevant to theSU(3) electroweak unification. We summarize the results of
analysis of the Higgs boson mass limit. In order to determinghese three possibilities:
the initial condition for RGEs of gauge couplingsmg, we

adopted experimental valu¢s] of the QED fine structure Sinf6y=1/4=A=3.8 TeVm,<460 GeV
constantx 1= 137.06, the hadronic contribution to the QED 2 o
coupling atm, Aa{>)(m;)=0.02761, the leptonic effective Sinfy=3/8=A=10" GeV,m,<200 GeV

electroweak mixing angle sifgf'=0.23136, and the QCD
couplingag(mz)=0.118. We then convert them into thS

gauge couplings by using the formula in Ref56]. When the scaleA is low, we must be concerned that
The one-loop corrections to thS top Yukawa coupling incalculable non-renormalizable operators might contribute
as a function of the top quark physical mas@f‘ys, are given  significantly to the Higgs boson mass. However, even for a
in [17,18, low scale such as\=3.8 TeV needed forSU(3) elec-
troweak unification, the non-renormalizable operators are not
ye( ) = 2¥GEmP™Y 1+ 5(w)}- (6)  expected to have a large impact on the Higgs boson mass

o given our assumptions of perturbativity. For example, we can
We use the full QCD and electroweak contnbqunsﬁ{Ox) look at the simp|e dimension six operator,

as given by Eq(2.12 and the Appendix of18], and we

A =M P|:>mh< 180 GeV

match it at top quark mass scale=mP™*. The QCD cor- R
rections are the dominant contribution and have the value, CNRIf? (10
hys\ 2
520 1) = ;‘_s 3 In( me y;) _al (7) ~ and estimate the mass shift of the Higgs boson to be
™ M
_ N _ 5 3.8 Tev||?

We also included all relevant one-loop finite corrections to Am;=f|31 Ge A : (11)

set theMS Higgs coupling as a boundary condition at some

scaleu= u,=0O(my): Since this adds in quadrature to the Higgs boson mass, a
Higgs boson mass of 460 GeV is increased by only 1 GeV

M) = V2Gemp{1+ dn(w)}, (8) to 461 GeV iff=1 andA=3.8 TeV, as would be appro-

priate when considering the $iR(A)=1/4 case.

where §,(u) is given by Egqs(159—(15d) of Ref.[19], and

reproduced in EqgB1)—(B3) of Ref.[17]. In Fig. 1, taking IIl. SUPERSYMMETRIC UNIEICATION

Mp=m, or mafmy/2,m;], we show theu, dependence on

the Higgs boson mass upper limit. As the scalgets lower, A. Minimal supersymmetric standard model

the un dependence becomes larger. However, whien Within the small uncertainties of perturbative threshold

>3.8 TeV, the difference is less than 5 GeV fof in the  corrections, all three gauge couplings meet at one point in a

range majmy/2,mz] < up<mp. simple grand unified theory if we assume minimal supersym-

In Fig. 1, we also showed a dependence of the top quarketric standard modefMSSM). The unification scale is
mass on the limits. We used the experimental rem{?ﬁys about 2< 106 GeV.
=174.3-5.1 GeV(see p. 389 of Ref20]). Since the error Unlike the SM, the Higgs sector in the MSSM faces very
on the top quark mass is now less than 3%, the inducefiitle direct constraint by enforcing perturbativity of cou-
variabilities on the Higgs boson mass upper limits are almosplings up to the high scale. Because there is no free param-
negligible. eter like\ in the Higgs potential of minimal supersymmetry,

As we run the gauge couplings up to higher scales, theéne only parameters that would be subject to the perturbativ-
value of sirf4,, changes. We define <ify, in theMS scheme, ity constraint are the top and bottom Yukawa couplings,

and _ _
. - J2m(my) - V2my(my)
120A t= " anpg YT oo
SO A) =— 9’ )2 ’ © vsinB vCcosfB
9" (A)+05(A) _
_ \/EmT(mZ) 12
where g’(m;)=0.36 and g,(m;)=0.65. The correspon- Y= vcosB ' (12)

dence between scalé and the value of sk (A) at that

scale is plotted on this same graph. There are three caseswhere targ is the ratio of the vacuum expectation values of
particular interest in this graph. These are the perturbativéhe two Higgs doublets needed to give mass to the up and
upper limit form, when A =Mp=2.4x 10'® GeV; the per- down quarks(see Sec. X off21] for a discussion of the
turbative range fom,, at the scale where sif,,=3/8, which  MSSM Higgs sectgr and the dimensional reduction scheme
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(DR) massesn,(my), m,(m,), andm_(m,) are defined pre- 3

cisely the same am,(m;), my(m;), and m.(m,) in Ref. —

[22]. The definitions of the Yukawa couplings in E42) are %

the same as Eq17) of Ref. [22], and the relationship be- B 2F

tween the physical masses and R masses can be found )

in Sec. 3 of Ref[22]. <
If tan B is too low (high), the top(bottom Yukawa cou- L

pling will go non-perturbative before the unification scale.

Perturbativity up to the high scale is motivated in this sce- 0

nario because non-perturbative couplings would feed into the 0 0

gauge coupling RGEs and disrupt the beautiful unification.

Perturbativity up to this high scale then puts a constraint on my [TeV]

tanB to be within the range 2tanB=<65, which in turn puts

a constraint on the possible values of the lightest Higgs bo- FIG- 2. The relationship betweehs defined by Eq(13) and

sSon mass in supersymmetry. mi= /(m; +m; )/2 for various top squark mixingX;=A;
We can expand the lightest MSSM Higgs state in terms of- . cot3 in the limit my>m; (no Higgs mixing effects Since
a simple, but useful, equation: Ag>nv; for much of parameter space, superpartners are expected to
be below the value oA g that corresponds to the Higgs boson mass
3G,:m4 A2 limit m,>114.1 GeV. For the reader’s convenience a thick dashed
2 2 t S L .
mh=m3co$28+ n——— In— (13)  line is plotted for the lineAg=nr; .

V2m? Tm¢

Herem, denotes the running SM top-quark mass in k&
scheme at the scalef™®, as utilized in the Higgs boson

mass computations of R¢R3]. One can think of Eq(13) as the Higgs boson mass in the equivalent variableising Eq.

being valid in the limit ofm,>m,, or one can absorb the . o
mixing effects between light and heavy Higgs bosons as be(—l3)' For various values of the top squark mixiKgwe have

ing absorbed into thA g definition. Since it has been known plotted the correlation between requirad a”df“f- As we

N . see,Ag>nmr; for most of parameter space, which enables us
that O(aas) two-loop contributions to the MSSM lightest lude that\ I . h
Higgs boson mass reduce the one-loop upper limitngn to conclude t al S gfer;]era y overelfnmatﬁs the supers]}/mj
[23], we introduce a suppression factgrin Eq. (13). To fix metry mass scales of the top squarks in the presence of mix-

. . . ing. This should be kept in mind when interpreting the pa-
7, we match our expression E(L3) with the one in Ref. rameter space for superpartners from Fig. 3; that is,

2 2 2 .
[23] atAg= my=(m; +m; )/2=(1 TeV)? assuming no top superpartners can be significantly lighter than shevalues
squark mixing, and then we get needed for a Higgs boson mass above the experimental limit.
In Fig. 3 we have plotted the lightest Higgs boson mass in
2a, : the MSSM as a function of the supersymmetry mass scale
7=1- In— — 3 =0.78. (14 Ag. Although presented in a slightly different way here, the
results of this plot are well knowf26]. Low tang requires
large supersymmetry breaking mass in order to evade the
current experimental limits on the lightest Higgs boson mass.
Large tan3 enables the MSSM to be comfortably within all

of the mixing term in the top squark mixing matrk = A;
— u cotB [see Eq(4) of [23]]. We have computed the Higgs
boson mass using Eq&l6) and(47) of [23], and then recast

The numerical value o\ g is therefore a good indicator of
the scale of superpartner masses.

Also, we remark that the quantitys has been introduced
in analogy toTgygy in Refs.[24,25. Tg, gy is useful because
it remaps all superpartner threshold effects into one single 140L MSSM
mass scale for the purposes of matching gauge couplings =
between the SM effective theory beloWg,sy to the fully 8 120
supersymmetric theory abovigssy. The purpose ofAg is =
similar. It can be defined as the matching scale that repro- E“ 100
duces the correct Higgs boson mass by running supersym-
metric RGEs above it and the one-loop SM RGEXdvelow 80 [
it, assuming(correctly that they; part of 8, dominates.

60

Top squark mixing effects will begin to decorrelate the ‘ ! 1 l
value of top squark masses from that of the correct value of 0.2 05 1.0 20 5.0 10
Ag needed to recover an accurate Higgs boson mass using As [TeV]

Eq. (13). For fixed top squark masses, the higher the left-

right mixing effects the larger the Higgs boson mass be- FIG. 3. The lines plot the lightest Higgs boson mass in the
comes, and therefore the largAr;. We demonstrate this MSSM as a function of the supersymmetry scAlg, whose lead-
effect in Fig. 2 by computing the needed value ®§ to  ing log value isA§=m;2. The four lines from bottom to top repre-
reproduce the correct Higgs boson mass given various valuegnt tan3=2,3,5,30.
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experimental constraints for moderately small supersymme- sinzew(/\)
try breaking mass. . 024 026 028 030 032 034 036 038
We view it as a success that supersymmetry predicts that 700 . , , . . . .

its lightest Higgs boson mass can naturally reside in the _ ¢pof MM 1
squeezed window of 114.1 GeV from direct experimental 3, g As =500 GeV

searches and 222 GeV from precision electroweak measure- O, 390 i E
ments. Superpartners could disrupt the precision electroweak é“ 400 |, ]
predictions, but it is well known that supersymmetry de- 300 1

couples rapidly fromZ-pole observables. Attempts to make N
the global fits to the data better by resolving some small 200 F~
discrepancies between leptonic and hadronic observables 100
also demonstrate the rapid decoupling of supersymmetry, ! : 5 — ;
since the active superpartners in these studies must be very 10 16 10 10 10 10
light (e.g.,n;=m; as in Ref.[27]). A [GeV]

FIG. 4. The five lines are for the same values of gaim the
NMSSM. The\, coupling of the superpotential, SH,H,4 term is

As soon as one goes beyond the most minimal supersynissumed to be at its maximum allowed value without blowing up
metric theory, the constraints of perturbativity become verybefore the scale\ (\¢<5.1). Since sif¥,(A) correlates directly
significant again, just as they were in our SM analy88—  with A we provide the sifé,(A) values on the upper axis.
31]. The reason is because non-minimal supersymmetric
theories add additional Yukawa couplings that contribute diyregiction for the same values of t8randAs. However, if

rectly to the mass of the lightest Higgs boson, but are nogye go not wish to spoil perturbative gauge coupling unifica-
usefully constrained by any known measurement. tion we must require thakg and the other remaining cou-

The_ most important exampl_e_of non-minimal_ supersym-p”ngs' such ag, andy,, remain perturbative so as not to
metry is the NMSSMnext-to-minimal MSSM, which adds giqrpt too much the RGE evolution of the gauge couplings.

another singleSto the theory. This approach has bee_n _used The one-loopg functions of\,, y, andy, all depend on
by many authors to make the term more natural within - e4ch other. Therefore, we must insure that all remain pertur-
supersymmetry._ That is, in t.he MSSM there exists a term iy ative. To determine what values nf, y, andy, are per-
the superpotentighH H4 which might be best explained by turbative, we employ the condition of E¢5) on each of

an NMSSM termASHHy, whereu=\(S). these three couplings. To do this we compute the three-loop

We can write the mass of the lightest scalar of thes nctions using Refd34] for each of the couplings in the
NMSSM theory in a very similar way as we did for the |yt that all other couplings are turned off:

MSSM:

B. The next-to-minimal supersymmetric standard model

N 2ot 3GFm;‘I A% (3 toon)_ 6 e 22 ¥ (102+36{(3)) |
2\/§GFSI B+n \/5772 nm_tzy Vi 16’772 t (167T2)2 t (16772)3 t
(15) (16)

m2=m3coS$2B+

where we takep=0.78. The scalé\s is close but not pre- . 4 10 s (32+244(3))
cisely the same as it is in the MSSM. This is because there B °P= ——\3- LS S5 Ms-
are some more states and parameters in the NMSSM that 16w (167°) (167%)
feed intoAg, such as the additional masses and mixings in (17)
the Higgs sector. There could also be additional contributions ) ]
to the lightest mass, and ths, if Sis charged under another By, iS the same ag, after replacingy;—y,. Applying the
gauge group. In that caskl,, and/orH4 would be charged perturbativity conditions of Eq5) we find that perturbative
too, leading to additional contributions to the mf32]. Fur-  couplings must satisfy;<4.9, y,<4.9, and\ ;<5.1.
thermore, a large Yukawa coupling of a fourth generation to In Fig. 4 we plot the mass of the lightest Higgs boson as
the Higgs boson can add substantial radiative corrections ta function of scaleA, requiring that all couplings remain
the Higgs boson mass, just as the top Yukawa does in thperturbative belowA. In this analysis, we use two-loop
MSSM [33]. For the purposes of being conservative and il-RGEs for all gauge, top and bottom Yukawa and Higgs cou-
lustrative of how even the smallest deviation from theplings including full one-loop supersymmetry corrections to
MSSM can affect the lightest Higgs boson mass, we willthe Yukawa couplings discussed below E#2), and one-
ignore additional gauge charges or additional states that mdgop supersymmetry logarithmic corrections to all gauge
contribute to the radiative corrections of the Higgs bosoncouplings atm, . For this computation we set all supersym-
mass. metry masses tdg. To be consistent with our definition of
The numerical value of¢ is arbitrary. If it is large it Ag given above, the scale at whioty is evaluated in Eq.
contributes significantly to the Higgs boson mass via Eq(15) is Ag. The five different curves in the figure represent
(15 and raises it to a much higher value than the MSSMdifferent values of tag=1, 2, 3, 5, and 30. In the MSSM
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140 T 600 T
f— F NMSSM 4 NMSSI\;[
2 130 A=2x10°GeV (sine, (W=3/8) T o = sin“By (A) = 1/4
= 120 P O,
E | experimental limit ., . -2~ . - ] =
- _'_‘___,,« __ _”_’ R | E
110 F e et tanB=2 E
St '/,,/" ----- tan =3 E
100 B /.,/" .......... tanf = 5 3
e fanf3 = 30 E experimental limit
90 : L 1 L
0.2 0.5 1.0 2.0 0.2 0.5 1.0 2.0
Ag [TeV] As [TeV]

FIG. 5. The lines plot the lightest Higgs boson mass in the FIG. 6. The lines plot the lightest Higgs boson mass in the
NMSSM as a function of the supersymmetry scale The leading NMSSM as a function of the supersymmetry scale The leading
log value forAg=nr . The value ofAg used in Eq.(15) is at its  log value forAg=n; . The value of\ used in Eq(15) is such that
maximum consistent withh(A)<5.1 (perturbative. Here A=2 Ns(A)<5.1 (perturbativg. Here 8 Te\KA<110 TeV (precise
X 10' GeV, which corresponds to the simple grand unificationvalue depends omg), which corresponds to th&U(3) elec-
scenario of sifb,(A)=3/8. troweak unification scenario of Sify(A)=1/4.

(without GUT), tan8<1 is excluded by the Higgs search. IV. CONCLUSIONS
However, in the NMSSM with lowA, such low values of
tanpB are allowed as long as constraints suctbassvy, for
example, are satisfied, which would perhaps require a ver

In this article we have examined Higgs boson mass upper
gmits in theories that are perturbative up to a scaleAfter
; - iscovery of a Higgs boson, the results of these computations
heavy charged Higgs boson masse, e.g., Fig. 12 of Ref. can tell us at what scale a perturbative description of our

[35]).
We can then look again at the most interesting scales i pw-scale theorySM, MSSM, NMSSM’ etg.brggks QOwn._
he results can also help determine if unification with

this plot related to sitt,,=1/4 SU(3) electroweak unifica- . = . a .
tion, and siRAy=3/8 SU(5)/SO(10) grand unification. In sin’(A)=1/4 or .S'KMA)_SIS. can occur_perturbanvely.
In the several unification scenarios we studied, we found that

the NMSSM theA scales associated with this unification are.t is not expected to have a Higgs boson above about
different than they were in the SM case. Furthermore, th 00 GeV and still remain perturbative. This is not a theo-

unknown Yukawa coupling.s contributes to the mass of the rem, but a highly suggestive result based on the simple theo-
lightest Higgs boson in a very different way than the SM """ ghly sugg . P
ries that are currently attractive.

Higgs self-coupling\, and the RGEs are very different. The Fortunately, the CERN Large Hadron Collid&HC) wil

result, withAs=500 GeV'is be able to see all SM-like Higgs bosons easily up to
500 GeV and probably to at least as high as 800 Gz5Y.
sirf6y=1/4=A =37 TeVm,<350 GeV, The extra dynamics that go along with the explanation for
electroweak symmetry breaking, such as supersymmetry or
extra dimensions, should also be detectable at the LHC.

SirfAy=23/8=A=2x10% GeV, Finding an NMSSM Higgs boson in some regions of param-
eter space could be a significant challenge at the LHC, but
mp<120 GeV. there are good indications that the LHC will cover those

possibilities alsd37].

A future linear collider will be able to see and carefully
"Study a Higgs boson with mass, =< s—m, in e* e~ mode,
and perhaps slightly higher iny mode[38—4(. Indications
of SU(3) electroweak unification could also come from di-
rect collider probes and precision electroweak studies that

atch expectationjgtl] of minimal models and beyond. Di-

rectly confirming the unification scenarios may be difficult to
do, but additional clues from measurements of superpartner
masses and the complete Higgs sector, for example, would
be critical information if we are to be successful.

We plot in Figs. 5 and 6 the lightest Higgs boson mass i
the NMSSM as a function oA g confining ourselves to the
two scenarios sfiy=1/4 (A~8-110 TeV) and sitt
=3/8 (A=2x10' GeV). For low values of tag the Higgs
boson mass prediction is very well separated between th
two theories because the; contribution is not suppressed
much by sif23 and the difference between the(As) al-
lowed such thahg is still perturbative atA is dramatically
different for A~10 TeV [A{(As=500 GeV)-2 allowed
and A=2x10'% GeV [AJ(As=500 GeV)~0.7 allowed.
However, as we go to higher values of fathe Higgs boson
mass has very little dependence on )\ﬁeinZZB term since it
is suppressed by 1l/tghat high tan3. For that reason, the
two tanB =30 lines are very nearly on top of each other in K.T. and J.D.W. were supported in part by the U.S. De-
the plot. partment of Energy and the Alfred P. Sloan Foundation.
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