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Matching conditions relate couplings to particle masses. We discuss the importance of one-loop matching
conditions in the Higgs boson and top quark sector as well as the choice of the matching scale. We argue for
matching scalegg,=m; anduqoy=maxm;,My}. Using these results, the two-loop Higgs boson mass upper
bounds are reanalyzed. Previous resultsXer few TeV are found to be too stringent, and a recent update is
found to be wrong. FoA =10'° GeV we findM <180+ 4+5 GeV, the first error indicating the theoretical
uncertainty and the second error reflecting the experimental uncertainty dug=tb75+6 GeV. Hence a
Higgs boson mass of about 160—170 GeV certainly satisfies both upper and lower Higgs boson mass bounds
for cutoff scales up to\=10'° GeV if m=175 GeV. For such Higgs boson and top quark masses the
renormalization group behavior of the minimal standard model does not require new physics to set in before
the Planck scald.S0556-282(197)01509-9

PACS numbgs): 14.80.Bn, 11.10.Hi, 12.15.Lk

I. INTRODUCTION ties to be large,~200 GeV. Earlier work underestimated
these uncertainties and gave too stringent bounds. At a high
The Higgs sector of the minimal standard mot®M) is  cutoff scale ofA =10"-10"° GeV, the theoretical uncertain-
usually considered to be an effective theory. The possibléies are much smaller-10 GeV. Taking the present-day
triviality problem connected to the underlyintf theory[1] ~ Vvalue of the top quark mass af;=175=6 GeV[10] and a
can be avoided if new physics appears at some high energptoff scale of A=10" GeV, we find an upper bound
A. Depending on the specific value Af an upper bound on My<180=4x5 GeV, where the first error estimates the
the massM, of the SM Higgs boson can be derivga-4). thepr_etical uncertainty and the second error indicates the re-
This upper bound is connected to the unsatisfactory higfhaining top quark mass dependence. Comparing our results
energy behavior of the Higgs quartic self-couplingf My, W!th recent vacuum stability bound$1-13, we f_|nq that a
is large. It manifests itself in théone-loop Landau pol5] Higgs boson mass of about 160-170 GeV satisfies both up-

when using a perturbative approach or in large cutoff effect Oe;xa_nfoll%\'gé\}_'i'?gf_bcl)ignerg{a/sig?gSgﬁ Eg;gtggszcr?lss dup
when performing lattice calculation§—9|. N e e - o
. : . . top masses the renormalization group behavior of the mini-
Previous work[3,4] extensively investigated the depen- mgl standard model does not re%uirtlao new physics to set in
dgnce of thél, upper bound on the top qqark Magg. The before the Planck scale. The recent update of Higgs boson
discovery of the top quark and the steadily improving Mass s uoper bounds 4] is wron
determination ofn, allow for an update of this work, leading n SS(F:) Il we review the sca?é dependence of the SM
to the question of which uncertainties remain in the theoret'matching .conditions We argue that pthe most reasonable
|(_:al prediction of theMy upper bou_nd. U?'”g the pertur_b_a_— choice of the matching scale for the Higgs boson quartic
tive approach up to two loops, we investigate the sensnwnycou ling is ~maxm,,My} and that the top quark
of the M, upper bound with regard to various cutoff criteria, Yuk?awa? couglti)i:g should tb,e f?xed alg ~m. . In par?icﬂlar
tmh&elt::r;ﬁ:]usg)cglof m\?\ihé?\%vs?gaetcgr?gcféii&d t;lse tﬁzor!r?:té);-th%he use of the scall, leads to unreliable results in the case
: 9 &o- . z of the Higgs boson coupling. Using these observations, we
ing scale, taken in some earlier analyses, is unreasonable a(r:]glculate the SM Higas boson mass ubper bounds at the
can lead to unreliable predictions. This result is also impors . 99 PP
. . -~ two-loop level in Sec. llI.
tant for higher-order calculations other than two-loop Higgs
boson mass upper bounds.
Taking into account the results from lattice calculations Il MATCHING CONDITIONS
[7-9], we investigate the dependence of Mg upper bound
on the cutoff condition. In the case of a low cutoff scale We start with a detailed look at the so-called matching
A=10°-10" GeV, we find the sum of theoretical uncertain- conditions in the SM: the relations between the physical
masses and the corresponding running couplings. This part
of our paper is therefore not specific to the calculation of
*Present address: DESY-IfH, Platanenallee 6, 15738 Zeutherliggs boson mass upper bounds but has further applications.

Germany. The modified minimal subtractiofMS) Higgs boson
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quartic coupling)\_and top quark Yukawa coupling, are 2 ,uo :

4 4 0
related toM; andm, using the matching conditions ho( o) = —24m; In—2+6M I”_f+12M anVH:O'
(2.6
— M3
Mpo) = ﬁ[l"' On(moll, 2.1 wh wh wh
hy(po)= 12mtln— 6len 12MWIn 2 +cq,
mg Mz M 27
— \/_ m; '
Ot(mo) = [1+ 6i(mo)], (2.2 22
Mo
ho(w) = InM2 + = InM2 Jrln'vl\zNJrc2 (2.8

wherev = (\2Gg) ~¥?~246 GeV. The definitions of the cor-
responding tree-level couplings are obtained by dropping thehe constantg; are independent of.,. For m;=175 GeV
matching corrections, thus fixing our notation. The use of and 75 Gev<My< 570 GeV their total contribution to
two-loop _renormalization groupRG) equations in connec- s, s in magnltude less than 0.02, though some individual
tion with MS couplings requires one-loop expressions for theterms can exceed 0.05. Depending on the choicggfthe
correctionséy(uo) and &i(uo); they are given iff15] and  logarithmic terms in Eq92.6)—(2.8) can yield a much larger
[16], respectively. correction. In Fig. 1a) we show the one-loop result &, as

In the case of the electroweak gauge couplings, one-loog function ofuq andM,, for m;=175 GeV. We find that the
matching corrections have also been calculaf#d,18.  matching correctio, can be in magnitude larger than 25%
However, it is customary to extract thdS gauge couplings for various regions in the parameter spagg (M), even
directly usingMS definitions for experimental observables. exceeding 100%. Clearly the matching correction should be
The measured values for théS electroweak mixing angle taken into account and the choice of the matching saglis
and QED coupling fix theVS electroweak couplings at the important: Some choices are more appropriate than others.

scalepy=M,=91.187 GeV[19]: To discuss the dependence &f on uo we consider its
derivative
"2, N2
— g°(Mz)+g’“(Mz) déy(pn) 1202 1
a H(Mz)=4m — =127.90, (2.3 A 5753 3M{,—3ME(MZ+2M7,— 2m?
F(MG7(M,) du M7 Bt (M 2V ~2m)
_ 4
. M) +3M%+6My,—12m}]
Si 0 S(My)= . =0.2315. (2.9 1 202
9?(Mz)+g"*(My) =——35, 2.9

2
© MG

The MS electrowea_lf couplings are obtained asyherep, is the one-loop3 function of the couplingy ex-
9(Mz)=0.68L... andg’(Mz)=0.35.. .. pressed in terms of the different physical masses rather than

For comparison, it is nevertheless interesting (0 defing, yomg of the varioudS couplings(which is consistent at
gauge sector matching conditions in analogy to HGsl) one-loop order For m=175 GeV, B, equals zero if

and (2'.2)’ thaizis, USTQ galzjgezboson masses a_”g' matChinﬂ'lH:ZOS GeV. TakingMy to be different from this value,
ior_rgt(:lt\l/lor;sz. (%,I\(/II\QIZ)ZT((fJ:A(SW/) v )T(;an(SWI)\/I ‘Tgo gs(l\éé)\/ By guickly t_)ecomes large. |_rr/| 1<208 GeV, them{ contri-

9 z z'v 2z 9 o Y ' . bution dominates ang@, <O0; if M,;>208 GeV, theM}, con-
and M as above one obtaing,~—0.4% andd;~0.7%. i ion causess, >0. Correspondingly, the magnitude of
As we wil see below, _the_ _one-loop matching correctidgs oy is insensitive to the choice @i, only for a small range of
and especiallysy are significantly larger. M\, values: see Fig. 1.

In the following we examine_ in detail the interesting Natural choices ofsq in Eq. (2.1 are the various masses
structure of the matching correctiodg(xo) and éy(ug) as appearing in the logarithms in Eq@.6/—(2.8): My, my, or

affun(itlon Ofpuo andMy, . For 4y, the heavy top quark ngs M. Since the impact of the choice pf) is connected to the
o] mt—175_GeV changes drastically the original discussion value ofM,,, we consider three cases.
prese.”tedr:rilg’]’ except forM >k (1) My<m, (My=70-100 GeV. This is the range
U§|ng the result of15], the correctionsy(uo) can be where, <0 due to the dominarm:1 term in Eq.(2.9). Such
rewritten as S ) .
a large contribution tg3, is possible for low values di
)2 because there is no symmetry in the scalar sector which im-
_ 2 4 posesp, to go to 0 forA—0. This is in contrast to thg
Ol o) M2 32n7% (ol o) + Miyha(10) + Miha( o) functions of the gauge and Yukawa sectors. Consequently,
(2.5  the coefficients of the logarithmic terms &, can be large
for small values ofMy, actually going to infinity as
with My—0. (In contrast, the coefficients in the matching correc-
tions of the nonscalar sectors vanish or approach a finite
constant if the corresponding particle mass goes to kero.
The analysis of15] is based on a valum,=40 GeV. Indeed, therni1 term in B, gives rise to the large coefficient



55 MATCHING CONDITIONS AND HIGGS BOSON MASS ... 7257

800
m; =175 GeV | m; = 175 GeV
700

Q.25

Lo S e v SRR IO [ » \ ,,_'—:’___-
0 100 200 300 400 S00 600 700 800 100 200 300 400 500 600 700 800
(a) My (GeV) (b) My (GeV)

FIG. 1. (a) Values ofu, andM for which the one-loop Higgs boson matching correctfiytw,), Eq.(2.1), equals the values indicated
next to the various contour lines. The top quark mass is taken to be 175(8BeSame plot, but the leading two-loop heavy-Higgs-boson
correctiong 23] have been added.

m¢/MZ which multiplies In(/u3). (The overall factor &y is theM2In(u3/M?2) term which can be suppressed choos-
1/ME| is present becaus®, is the ratio of the loop contribu- ing ue=My . Yet the other terms, including Ipﬁ/mf), are
tion to the lowest order contribution th, the latter being Viable for uo=My . For exampleM;=570 GeV results in
proportional toMZ.) Consequently, ifM is small, then ~ 6h(Mp)=20%. For largeM, the matching correction ap-
8, is small only if uo is chosen close tay,, not M. For ~ Proaches the heavy-Higgs-boson result

example, if My=70 GeV andm,=175 GeV, we find

Su(My)=80% whereassy(m,)=—0.7%. The dominance M2 2
of the In(ug/nt) term indicates that the top-quark mass scale Su=— 12020 4 25-3xy3|.  (2.10
is the correct scale of reference for low values\f, . In- 327y Mk

terestingly, even if the top-quark one-loop correctioditois
large, perturbation theory is still applicabléy is formally
the product of a series in powers@fand\, with an overall
factor 1Nlﬁ . The higher-order terms contributing &, are
expected to be small in the same way in which the two-loo
term of B, [20,21] is smaller than the one-loop contributfon
to By .

(2) My=(0.8-1.7m,. Taking m=175 GeV, the func-
tion B, features a zero in this Higgs boson mass range, i
dicating that both Higgs boson and top quark contribution
have similar weight. Bothug=m, and uo=My are accept-
able choices. In fact, we find the Higgs boson matching cor
rections to satisfyd,|<5% for a large range ofi, around
Mmo= My=m;,. This property remains true if the top quark

mass has a value somewhat different fram=175 GeV. son mass scenarios described above, we find the scale
Choosing po=maxm,,My}, a variation of 160 GeV mo=maxm,,My} to be the appropriate Higgs boson match-

<m< 190 GeV results in—1.1%< 8y(m,)<—1.0% if ing scale form,=175 GeV. The calculation of thi,; upper

My=140 GeV and 2.4%<y(M)< 3.6% if M=300 bound(see Sec. )lis an example how physical quantities are
GeV. ' R 4 sensitive to the choice .

Next we consider the matching correctiéyf ) entering
Eqg. (2.2). It has been given at one loop [16], with the
dominant QCD correction given earlier if24] and the
Yukawa corrections ifi25]. The result can be written as

A possible choice, used ifl5], would beuy=0.7M, such
that 6 (ug)=0. This approach, however, fails at two loops
ince the two-loop heavy-Higgs-boson terms are sizable
23]. Adding these two-loop contributions to the full one-
loop result of 6, we show the resulting., dependence in
Fig. 1(b). A satisfactory perturbative behavior is obtained for
nHO:MH if M;=800 GeV. The choicego=m, or M, are
énappropriate since they lead to unreliable perturbative pre-
dictions for even smaller values &fl ;. In particular, the
choice uo=M; leads tosy<—1.0 for M;>690 GeV, re-
sulting in an unphysicategativeMS Higgs boson coupling.
Summarizing our results for the three different Higgs bo-

(3) My>m,. Such a value oM, causes a large and
positive value of3, . The leading logarithmic contribution to

The simultaneous largeness and perturbativity of the top quark
contribution in the scalar sector could be the origin of the symmetry 4 a 9 m 2
t

43
breaking of SW2) X U(1). A recent modef22] using this approach  §,(uo)= —4-—= —+4+ - ———|In—=+c¢;, (2.1)
yields M,;=80-100 GeV. 4w 34w 4 16m°%v°) m;
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600 the one-loop Landau pol[&], the Higgs boson running cou-
Z\ """"""" z‘zigg g:z o1 pling becomes infinite: Perturbation theory has ceased to be
. m, = 165 GeV__— meaningful long before.

500 At the two-loop level, a heavy Higgs boson mass causes

N(u) to approach an ultraviolefmetastable fixed point.

Q 400 A .................................................. ’ This fixed point is almost entirely determined by the leading
[ P Higgs boson coupling contributions 8, at two loops:
@ |
£ 30 ~ T —. \2 A3
e 2 = —312
i . :8)\ 24(167T2)2 31 (16#2)3. (31)

The resulting fixed point value, corresponding@p=0, is

ol e by ey ol e e b v e b
100 200 300 400 500 600 700 800 Aep=12.1. ... (3.2
My (GeV)
Increasing the scalg even further, the growing value of the

running top quark coupling can no longer be neglected and

FIG. 2. Values ofuy and M, for which top quark matching LS . -
correctiond;(uo), EQ.(2.2), equals the values indicated next to the _changes@x, hence modifying the above fixed point behav-

various contour lines. Results are shown uging: 165 GeV(dot- 0T Since perturbation theory is already meaningless even
ted line, 175 GeV(solid line), and 185 GeV(dashed ling beforeA(u) reacheshep, we are not concemed about the
details of thex(u) behavior beyond the metastable fixed

wherec; is independent of.q and can be evaluated using the point. . I .
resultS in [16]. Taking ay(M,)=0.118 [26], we find At three loops, only the leading _contrl_butlon B, is
—0.052<c,<—0.042 for a top quark mass of 150 GeV known [23,28,29. It causes the running Higgs boson cou-
<m< 200 GeV and a Higgs boson mass of 50 GeVPling to again have a Landau singularity. Since the complete
<My< 600 GeV. The correction due i is therefore in set of three-loop SMB functions and the corresponding two-
magnitude larger than the sum of thg-independent contri- loop matching conditions is not yet available, we restrict our
butionsc; to 8. The largeness of; is mostly due to the Present analysis to two-loop functions.

QCD correction. In contrast, there is no one-loop QCD cor- 10 obtainMy upper bounds from the RG evolution of
rection contributing tody, . M(u) to some embedding scate= A, one has to choose a

Since the CERNe* e~ collider LEP | provides the result cutoff value forA(A). We denote this .cutqff conditiqn by
for g at scaleM,, it seems plausible to use a matching Mc(A). At one loop, the standard choice is to require that
scalepo=M . This yieldss,(M,)=—2% as can be seen in M) avoid the Landau singularity f0ﬂ<{\. Th|s corre-
Fig. 2. Looking at the logarithm appearing in E@.11),  SPonds to\;(A)=c. Attwo loops, the running Higgs boson
however, the adequate choicegig=m;: No other particle ~COUPling remains finite anN(x)—Agp asu increases. The
mass enters the.,-dependent logarithms. With this choice Perturbative approximation, however, fails long before
we immediately obtair,(m,) = c,=5%. Here the difference reaching the fixed pqmt. Therefore we examine two different
in taking a(M) Vs ag(m;) amounts to higher-order correc- tW0-100p cutoff conditions
tions which are suppressed.

The present-day experimental resultmof=175+6 GeV Ae(A)=Apgd  and No(A)=Npd2. (3.3
[10] leads to=*3.4% uncertainty in the tree-level result of
0;- Comparing with the results above, we find the one-loop
matching correctiors, to be of equal importance. This con- The first choice corresponds to a two-loop correction of 25%

cludes our review of the matching conditions. to the one-loops function B, ; see Eq.(3.1). Perturbation
theory is expected to be reliable for such a valuexl\)
IIl. HIGGS BOSON MASS UPPER BOUNDS [30]. The second choice causes a 50% correction, and its

value is comparable with upper bounds f\) which can
The triviality problem of the SM is completely fixed by be obtained from lattice calculatiofg—9]. In addition, it is
the B functions of the theory. The functiong; for all SM  also relatively close to the upper bound of the perturbative
couplings have been calculated in kS scheme up to two regime[30].
loops[20,21,27. At the one-loop level, a heavy Higgs boson ~ Choosing four different embedding scalas= 10%, 1¢°,
particle gives rise to a positive functiofi,, causing the 10", and 18° GeV, we give in Fig. 3 the different values of
running Higgs quartic coupling.(«) to permanently in- A(Mz) which lead to the corresponding cutoff conditions
crease ag. increases. At some valye= A , the position of Ac(A) when evolving all SM couplings frorvi; to A. The
one-loop result in Fig. 3 withh(A)=o agrees with the
result obtained by Lindner [3] when setting
3There is a misprint in Table | of16]: The term 6.9%10°% A (Mz)=MZ/2v? andg,(M)=\2m,/v, and taking into ac-
should have the opposite sign. count the updated experimental input for the various
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FIG. 3. Choosing either one-loop or two-loop RG evolution and various cutoff condiigfs), the maximally allowed value of
N(M;) is given as a function af;(M). The cutoff condition\;(A) is imposed at scales=10° GeV (left plot) andA = 10°,10%°,10'° GeV
(right plot).

couplingé at uo=M. The recent results ifi14] which 1) as mor=m;, and we takem;=175 GeV. (Taking
question the Lindner results at all scalésare incorrec®. ot=My has little effect on the final numerical result$he
Taking instead the valug (A)=\gg4 at one loop, we matching scale for the Higgs boson coupling is chosen to be
find a value of\ (M) for which perturbation theory is defi- gon=My as argued above. With these settings, we evolve
nitely reliable when evolving all SM couplings t&. For  A(M;) and all other SM couplings frorM, to some value
A =10 GeV the one-loop perturbative upper bound onugy such that Eq(2.1) is solved for some valué with
A(Mz) is only slightly less than the nonperturbative value uo =My . Subsequent evolution tg,, checks the top
obtained using the Landau pole criterion, indicating the in-quark matching condition, E¢2.2), usingm;= 175 GeV and
sensitivity of the upper bound to the cutoff condition. Forthe value ofM, found in the previous step. If the top quark
A=10® GeV, however, the perturbative upper bound ismatching condition is not satisfied, we iterate our procedure,
about 50% less than the Landau pole bound, a sign for atarting at scalé, with a different value of,(M ;). Even-
strong dependence on the cutoff conditiof(A). tually, we find a final solution foMy which is consistent
Going to two loops, the perturbative bound correspondingvith both matching conditions. To investigate the impor-
to Ac(A) =\gp/4 differs from the corresponding one-loop re- tance of the one-loop matching corrections, we repeat the
sult by less than 12%: Perturbation theory indeed seems apbove procedure taking the matching correctiépsand &,
plicable. The maximal upper bound as modeled byto be zero.

Ne(A)=\gp/2 gives upper bounds or(M;) which are of In Fig. 4 we show the resulting two-loop upper bound on
the order of the one-loop Landau pole bounds. My with and without the use of matching corrections, fixing
We conclude that our two-loop cutoff conditions are suit-the cutoff condition as\.(A)=Ags2. Using the choice

able for representing two scenariosg(A)=Agp/4 corre-  uo, =My, the comparison of the solid lin@vith matching
sponds to a perturbatively reliable Higgs boson sector at erreorrection$ and long-dashed linéwithout matching correc-
bedding scale\, and the conditiol\(A)=\gs2 is at the tions) allows for a conservative estimate of higher-order cor-
verge of being nonperturbative. rections. We find that the difference of the two results can
The procedure for obtaining avi; upper bound from the exceed 100 GeV at a small embedding sc&léout reduces
bound on\(M;) is as follows. The couplinga(M;) and to less than about 6 GeV at a large scale.
gi(M3) in Fig. 3 areMS couplings atu=M;. The MS In addition to the preferred choicgoy=My, we also
gauge couplings are fixed 8, using Egs.(2.3 and(2.4), give results when using.oy=Mz. For a large embedding
and ag(M;)=0.118. The matching scale for the top quark scaleA (resulting in small values df1,), the two different
coupling is taken according to our previous discusgi®ec.  choices ofugy give similar results. For a small scalg the
difference is significan{Fig. 4, dotted ling This was al-
ready anticipated in a one-loop study of pugé theory
“In the case of\ = 10° GeV, for which Lindner{3] only gives a  Which underlies the SM Higgs boson secf8d]. However,
qualitative estimate, we find a slightly higher upper bound onthe inclusion of matching correctionshort-dashed curye
AMMS). shows that the scale choigg, =M is completely inad-
SFor large scale, the errors in[14] seem to be partially con- equate for large values dfl; as indicated by the largeness
nected to the errorneous use of'lifistead ofe” in all equations  Of the corrections compared to the chojegy, =My . Even
and figures where\ is specified. This replacement, however, still more strikingly, valuesA <2x10* GeV [which lead to
does not correct all their results. bounds\ (M) >1.2 when using\.(A) =\ /2] have no so-
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FIG. 4. Choosing two-loop RG evolution and cutoff conditdog(A) =\ /2, the upper bound ol is calculated. The running Higgs
boson and top quark Yukawa couplingg,«) andg,(u), are fixed by the physical massil; andm; using matching conditions with and
without one-loop matching corrections. In addition, the Higgs boson matching scale is variegt 4@ M, andM ;. The top quark mass
is fixed atm;=175 GeV, andug,=m;. The left plot shows the result for small values &f and the right plot extends up to values of

A=10" GeV.

lution in M, which satisfies theMS matching condition.
This is due to the fact that the choigg =M restricts the
MS coupling to a maximal valua(M)=1.2 which is ob-

tained for My~495 GeV. We will only consider the
mon=My results when determining the finafl, upper

bounds.

The results of Fig. 4 can also be compared with the two
loop results of 4]. There no matching corrections have been
included, anduoy=Mz is used. The cutoff condition
Ac(A) is determined as a turning point in the two-loop cal-
culation rather than a fixed value. This procedure yields
larger two-loop values ok .(A) than used here. The result-
ing My, bounds are therefore larger than our corresponding
result with 4oy =M and no matching corrections, but with
Me(A)=Ngp2.

In Fig. 5 we analyze the dependence of the upider
bound onm;. Varying m; in the range 150-200 GeV, the
bound onM changes less than 40 GeV for the largest em-
bedding scale considered,=10'° GeV. The latest experi-
mental resulf10] m,=175+6 GeV reduces this uncertainty
to less than 5 GeV at thedl level. For embedding scales
A<10'° GeV the uncertainty due tm, can then entirely be
neglected compared to the theoretical uncertainties con-
nected to the cutoff condition and higher-order corrections.
The uncertainty in the QCD coupling,
ag(Mz)=0.118+0.003[26], causes a shift of less than 1
GeV in the My upper bound, with the maximal effect at
A=10" GeV.

In summary, we have discussed the uncertainties in the
My upper bound due to the choice of the cutoff condition

and the choice of the matching scalgy (Fig. 4), and the

500

by choosingu =My and using matching conditions with
and without one-loop matching corrections. The cutoff con-
dition is varied between (A)=Agg/4 and\ /2. The lower
edge of the solid area indicates a valueMf; for which
perturbation theory is certainly reliable up to scale in
particular, the triviality problem of the standard model is
clearly avoided for such values of and M. The upper
edge of the solid area can be used to estimate the scale
A(My) at which the standard model ceases to be meaningful

Hou=Mu

200 GeV
175 GeV
150 GeV

—
o

m T Ll I T T T T l T T T T I L] T T T

A (GeV)

109 101R 1015 1018

; ! - ! FIG. 5. The dependence of the uppdr; bound on the top
(Fig. 3), the importance of one-loop matching correctionSqark mass. TheViS matching conditions Withuop =M, and

Mor=m; are used in connection with two-loop RG evolution and
cutoff condition\ (A)=A\g/2. For low values of the embedding
mass to be 175 GeV, using two-logpfunctions, and appro- scaleA, the My, upper bound is insensitive to the exact value of
priately choosing the matching scale to pgy=My, we  m;. For large embedding scales there is a langgrdependence.
find the sum of all theoretical uncertainties to be representedithout matching correctiongot shown, the top quark mass de-
by the upper solid area indicated in Fig. 6. They are obtaine@endence is qualitatively the same.

top quark mass dependeng€ig. 5. Fixing the top quark
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M,<180+4+5GeV if A=10"GeV, (3.9

p—
—

the first error indicating the theoretical uncertainty, the sec-
ond error reflecting then, dependencg.

For comparison, we also give the lower boundsMp
from stability conditions on the SM Higgs effective poten-
tial. At a large scale\, the stability bound is well approxi-
mated by requiring the Higgs boson running coupling to re-
main positive:N(A)>0. Such an analysis has been carried
out at the two-loop level including matching corrections
[11], and they agree within the theoretical errors with a more
careful treatment of the one-loop effective potenfiaP].
The discrepancy at scalés<10 TeV has been resolved re-
not allowed N cently [13], and we use the latter results. Fiximg=175

oo o b b by g 1 GeV andag(My)=0.118 we show the lower bound in Fig. 6
{)03 106 109 1012 1015 1018 (lower solid are@ with the solid area indicating the theoret-

ical uncertainty. At largé\, the theoretical error is estimated
A (GeV) by usinguoy=m; and comparing the results with and with-
out matching corrections, and at lotv the theoretical error

FIG. 6. Summary of the uncertainties connected to the bound#s +5 GeV according td13]. The variationm,=175+ 25
on My . The upper solid area indicates the sum of theoretical unGeV yields a much larger uncertainty in th, lower bound
certainties in theM; upper bound when keepingy=175 GeV  than in theM, upper bound and is not shown.
fixed. The. cross-hatched area shows the additional uncertainty Looking at Fig. 6 we see that a Higgs boson mass of
when varyingm, from 150 to 200 GeV. The upper edge corre- 5hq0yt 160170 GeV certainly satisfies both upper and lower
sponds to Higgs boson masses for which the SM Higgs boson se‘f—]iggs boson mass bounds for cutoff scales uphte 10t
f[or'ceases to be meaningful at_ scAlésee te)q, and the Ipwered_ge GeV if m=175 GeV. For such Higgs boson and top quark
indicates a value oM for which perturbation theory is certainly masses the renormalization group behavior of the minimal

expected to be reliable at scale The lower solid area represents standard model does not require new phvsics to set in before
the theoretical uncertaintites in tid,, lower bounds derived from the Planck scale q phy

stability requirements [11-13 using m,=175 GeV and
as=0.118.

not allowed

IIII|IIII|III

CS

allowed N R RRRIIT

= Viale e vav,

200

ACKNOWLEDGMENTS

as an effective theory. Although the perturbative approach 1€ authors thank L. Durand, M. Lindner, and J. Pestieau

does not allow for extraction of absolute upper bounds, thégr vaIug}bIerﬁcutshsmrlls ?r?d S r%ad'ng ,0'; the .’.“];':‘;USC”PL
consideration of lattice calculations i* theory seems to ne author(T.H.) thanks the Bundesministerium rfior-

. . chung und TechnologiéBMFT) for support under Con-
reinforce or even tighten the upper bounds presented hers i
[7,9.8.30. For low values ofA, the one-loop Landau pole tracts No. 056D0O93(B). The other authotK.R.) acknowl

. edges support by the Deutsche Forschungsgemeinschaft
bounds of[3] are found to be near the perturbative 'OWer.(DgG) under Contract No. DFG-Li-519/2-1, and 1S grateful

edge of the upper solid area in Fig. 6. The additional experizy the hospitality of the University of Wisconsin-Madison
mental uncertainty due to the top quark mass is representgghere parts of this work were completed.
by the cross hatched area in Fig. 6, generously varying the

top quark mass from 150 GeV to 200 GeV. The present-day——-

1o result of m=175x6 GeV is sufficient to make it the  é1he very recent resulB2] of M, <174 GeV forA = 10Y° GeV is
smallest source of error except for large values of the eMipwer than our lowest result due to the use of the smaller cutoff
bedding scale\. In particular, we find condition\ (A)=5/3<\ /4~ 3 (our notation.

[1] For reviews see D. J. E. Callaway, Phys. RE@?, 241(1988; [3] M. Lindner, Z. Phys. C31, 295(1986.
The Standard Model Higgs Bosoedited by M. Einhorn, Cur- [4] B. Grzadkowski and M. Lindner, Phys. Lett. B8 81(1986.

rent Physics Sources and Comments Vol(N®rth-Holland, [5] L. D. Landau, inNiels Bohr and the Development of Physics
Amsterdam, 1991 B. Schrempp and M. Wimmer, Report No. (McGraw-Hill, New York, 1955.
DESY 96-109, hep-ph/9606386, 198énpublished [6] W. Langguth and I. Montvay, Z. Phys. 86, 725 (1987; A.

[2] L. Maiani, G. Parisi, and R. Petronzio, Nucl. Ph{136, 115 Hasenfratz, T. Neuhaus, K. Jansen, H. Yoneyama, and C. B.
(1979; N. Cabbibo, L. Maiani, G. Parisi, and R. Petronzio, Lang, Phys. Lett. B199 531 (1987; A. Hasenfratz and T.
ibid. B158 295 (1979; R. Dashen and H. Neuberger, Phys. Neuhaus, Nucl. Phyd3297, 205(1988; P. Hasenfratz and J.
Rev. Lett.50, 1897 (1983; D. J. E. Callaway, Nucl. Phys. Nager, Z. Phys. @7, 477(1988; U. M. Heller, H. Neuberger,
B233 189 (19849; M. A. Beg, C. Panagiotakopolus, and A. and P. Vranas, Nucl. PhyB399 271(1993.

Sirlin, Phys. Rev. Lett52, 883(1984). [7] M. Lischer and P. Weisz, Phys. Lett. B2 472(1988.



7262 THOMAS HAMBYE AND KURT RIESSELMANN 55

[8] M. Gockeler, H. Kastrup, T. Neuhaus, and F. Zimmermann,[22] J. P. Fatelo, J.-M. Gard, T. Hambye, and J. Weyers, Phys.

Nucl. Phys.B404, 517 (1993. Rev. Lett.74, 492(1995.
[9] U. M. Heller, M. Klomfass, H. Neuberger, and P. Vranas, [23] U. Nierste and K. Riesselmann, Phys. Re\58) 6638(1996.
Nucl. Phys.B405, 555(1993. [24] H. Arason, D. J. Castano, B. Keszthelyi, S. Mikaelian, E. J.
[10] P. Tipton, presented at the 28th International Conference on  Ppjrard, P. Ramond, and B. D. Wright, Phys. Rev46) 3945
High Energy Physics, Warsaw, Poland, 1986published (1992; E. Braaten and J. P. Leveilléyid. 22, 715(1980.
[11] G. Altarelli and G. Isidori, Phys. Lett. B37, 141(1994. [25] R. Barbieri, M. Beccaria, P. Ciafalone, G. Curci, and A.
[12] J. A. Casas, J. R. Espinosa, and M. QsijrBhys. Lett. B342, Vicere, Nucl. PhysB409, 105 (1993.
171(1999. ) ] [26] M. Schmelling, presented at the 28th International Conference
[13] ‘;7':‘(;?;5 J. R. Espinosa, and M. QsirBhys. Lett. E382 on High Energy Physics, Warsaw, Poland, 199@publishedl

[27] M. E. Machacek and M. T. Vaughn, Nucl. PhyB222 83
(1983; B236, 221 (1984.

[28] M. Luscher and P. Weisz, Nucl. Phy8318 705 (1989.

[29] A. A. Vladimirov, D. I. Kazakov, and O. V. Tarasov, Sov.
Phys. JETRS0, 521 (1979.

[30] K. Riesselmann and S. Willenbrock, Phys. Rev.5B 311

[14] J. S. Lee and J. K. Kim, Phys. Rev. %3, 6689(1996.

[15] A. Sirlin and R. Zucchini, Nucl. Phy$8266, 389 (1986.
[16] R. Hempfling and B. A. Kniehl, Phys. Rev. &1, 1386(1995.
[17] A. Sirlin, Phys. Rev. D22, 971 (1980.

[18] W. J. Marciano and A. Sirlin, Phys. Rev. Z?, 2695(1980.
[19] Particle Data Group, R. M. Barnett al,, Phys. Rev. D64, 1

(1996. (1997.
[20] C. Ford, D. R. T. Jones, P. W. Stephenson, and M. B. Einhorn[31] J. F. Gunion, H. E. Haber, G. Kane, and S. Dawsdre Higgs
Nucl. Phys.B395 17 (1993. Hunter's Guide(Addison-Wesley, Redwood City, CA, 1990
[21] M. E. Machacek and M. T. Vaughn, Nucl. Phy8222, 83  [32] P. Q. Hung and G. Isidori, Report No. INPP-UVA-96-04,
(1983. A typographical error in the expression f@? is hep-ph/9609518unpublished

corrected in20].



