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Universal extra dimensions and the Higgs boson mass
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We study the combined constraints on the compactification scRlarid the Higgs boson mass;, in the
standard model with one or two universal extra dimensions. Focusing on precision measurements and employ-
ing the Peskin-Takeucl8 and T parameters, we analyze the allowed region in ting,(/R) parameter space
consistent with current experiments. For this purpose, we calculate complete one-loop KK mode contributions
to S T, andU, and also estimate the contributions from physics above the cutoff of the higher-dimensional
standard model. A compactification scal® Hs low as 250 GeV and significantly extended regionsgfare
found to be consistent with current precision data.
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[. INTRODUCTION indirect detection is within the reach of future experiments
[11-14.
In models with universal extra dimensio§ED’s) in In this paper, we address the effects of the new physics

which all the standard model fields propagate, bounds on thabove 1R on the combined constraints for the Higgs boson
compactification scale, B/ have been estimated from preci- mass and R. Current knowledge of the Higgs boson mass
sion experiments to be as low as300 GeV[1,2]. This has been inferred from its contributions to the electroweak
would lead to an exciting phenomenology in the next gendrecision observablgs. Because t'he new physics in terms of
eration of collider experiment3—6]. Above the compacti- KK partners and higher dllmen5|on operators representing
fication scale, the effective theory becomes a higher dimenRhYSiCs aboveMs also contributes to these observables, the
sional field theory whose equivalent description in 4DpConstraints on the Higgs boson mass can be significantly

consists of the standard model fields and towers of thei?gered 'QI therED framewo&l; Thedeffegts on dthe pt;eg]&f/n
Kaluza-Klein (KK) partners whose interactions are veryo Servables Irom nonzero modes depend on bo

similar to those in the standard model. Because the ef“fectivgm.j the Higgs boson mass,, (through KK ngg_s pgrtlcle)s
e . . while the standard modéthe zero modescontributions are
theory above the compactification scdtee higher dimen-

. functions of my alone. We therefore analyze the allowed
sional standard modebreaks down at the scaM, where H y

. region in the (ny,1/R) parameter space consistent with the
the theory becomes nonperturbative, the towers of KK ParL rrent precision measurements.

ticles must be cut off at this scale in an appropriate way. The  rent precision electroweak experiments are sensitive
unknown physics abovils can be described by operators of y pew-physics corrections to fermion-gauge boson vertices

higher mass dimension whose coeffi_cients can be estimategng gauge-boson propagators. The most sensitive fermion-
To obtain the standard-model chiral fermions from the auge boson vertex is thebb vertex. Contributions to it

corresponding extra dimensional fermion fields, the _highe(?vere analyzed in Ref1]. The dominant contribution comes

dimensional standard model is compac;nﬁed on an orbﬁold_tqrom loops with KK top-bottom doublets:

mod out the unwanted chirality by orbifold boundary condi-

tions. For a singlétwo) universal extra dimensidg), this is

SYz, ( T?/Z, ) [7]. The interactions involving nonzero KK 5g°

particles are largely determined by the bulk Lagrangian in

terms of the higher dimensional standard model, while the

effects from possible terms localized at the orbifold fixedwhereM;= \/j21+ e +j2§/R, andj=(j1,...,js isasetof

points are relatively volume-suppressed. The KK particlesndices of KK levels iné extra dimensions. It was noted

enter various quantum corrections to give contributions tadhere that these corrections are less important than the

precision measurements. Studies of their effects on the pré2eskin-TakeuchiS and T parameterd15] in constraining

cision electroweak measurements in termSahdT param-  UED theories for the phenomenologically interesting region

eterg[ 1], on the flavor changing procebs-s+ vy [2],and on  of 1/R>m,. We therefore focus on the Peskin-Takeuchi pa-

the anomalous muon magnetic mom¢at9] have shown rameters.

that these effects are consistent with current precision experi- We consider two possibilities; a single universal extra di-

ments if 1R is above a few hundred GeV. The cosmic relic mension onS'/Z, and two universal extra dimensions on

density of the lightest KK particle as a dark matter candidateT?/Z,. In the case of a single extra dimension, the cutoff

is also of the right order of magnitud&0], and its direct or  effects from physics abovd ¢ are estimated to be negligible

and we can do a reliable calculation of the contributions
from KK modes alone. This is not the case for the model

*Email address: thomas.appelquist@yale.edu with two extra dimensions. The UED theory a®/Z, is a
"Email address: ho-ung.yee@yale.edu particularly interesting model because it points to three gen-
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erationg 16] (see als¢17]), and can explain the longevity of erate KK modes having the sarivg , which makes the sum
protons[18]. The neutrino oscillation data can also be ac-divergent. With two extra dimensions, the cutoff sensitivity
commodated within this modg19]. However, the sums over is logarithmic. In our calculation o8, T andU, we use the

the KK particle contributions to precision observables areree-level formula for the masses of KK particles neglecting
logarithmically divergent with two extra dimensions, and ef- corrections from one-loop gauge interactions and boundary
fects from above the cutofflg must be included. We esti- terms localized at the orbifold fixed poinft20]. This is jus-
mate these effects using higher dimension operators, whictified because these are of one-loop order and the shifts due
makes the analysis only qualitative, but we can still extracto them, which are already of one-loop order, are two-loop
useful information from the results. effects.

In the next section, we describe the calculationSpfT Before presenting our results, we discuss a subtlety in the
and U from one-loop diagrams with KK particles, and a calculation. The conventional definition of tiigparameter is
subtlety involved in this calculation. In Sec. Ill, we estimate
the contributions tdS and T from physics above the cutoff Myw(p?=0) Tl 4(p>=0)
M. Sections IV and V are devoted to the details of the a(mz)T= > - 2 ,
analysis with both a single extra dimension 8hZ, and w Mz
two extra dimensions oh?/Z,. We summarize and conclude
in Sec. VI.

(2.2

where thell functions are the gauge-boson self-energies
arising from new, non-standard-model physics, ar{an,)
~1/128. When the non-standard-model physics is “oblique”
[l. KK-MODE CONTRIBUTIONS TO THE S, T AND U (entering dominantly through the gauge-boson self-eneigies
PARAMETERS this definition corresponds directly to a physical measure-

ment. An example is provided by a loop of KK modes of the
standard-model fermions such as the top quark. In general,
the new physics can also contribute through vertex correc-
tions and box diagrams. An example of this is provided by
5 ) ) one-loop corrections involving KK gauge bosons. All the
Tt 1 3mg 2 my S 1 m 2.1) pieces must then be combined to insure a finite and gauge

2° ' invariant(physica) result. Indeed, we find in our calculation

! that the one-loop divergences Thas defined above, arising
from KK gauge bosons and KK Higgs bosons, do not cancel,
althoughS and U, as conventionally defined, turn out to be
finite and well defined.

The one-loop contributions td, andIl,, are listed in

In the analysis of Ref.1], it was argued that the dominant
contributions toS and T come from KK modes of the top-
bottom quark doublet:

It was shown that the constraint froimis stronger than that
from S. TheU parameter is numerically much smaller thHan
and T, thus much less important in constraining UED theo-

ries. An important premise in Refl] was that the Higgs . . )
boson massmy, , is lighter than 250 GeV. the Appendix. The computation has been dor_1e in Feynman
gauge. From the tabulation, one can see that in this gauge,

If the Higgs boson mass, is large, however, the contri- . ;
butions fro?ngthe standard r;1|odel I-?iggs boson and its highe'rs‘ UV divergent at the one-loop level, and that the divergence
rises from graphs involving loops of KK gauge bosons and

KK modes become important and eventually dominate ove . -
Imp ventually ' Vekk Higgs bosons. This indicates that there should be a non-

the KK quark contributions. A key point is that the Higgs vanishing counterterm for tHE parameter of Eg(2.2). It can

contribution toT is negative, which is opposite to the KK be shown that, because of the constraints from gauge sym
rk contribution(For h KK rks and KK Hi ’ . . )
quark contribution.(For S, bot quarks and g9s metry, the counterterm foll is determined by theA,Z*

contributions are positive.Thus, the two contributions can tert t th | level. O fix tNaZH

compensate each other to relax Theonstraints, allowing an counterterm at the one(;.oopt ev;—:]- .tﬁ nce we fix 24

extended region in thenfy,1/R) parameter space. Moreover, COUNtErterm, corresponding 1o pnotenmass mixing, can-
celling I17,(0) to ensure a massless photon propagator, the

a largemy can also bring important constraints frognre- . . .
quiring a combinedS and T analysis rather than separate counterterm forT is completely determined in terms of

ones. It is thus important to do a more complete analysiyz*/(o)' It in the basis in which the oh
allowing for the possibility of a large Higgs boson mass. As a result, in the basis in which the photdrmass ma-

We calculate complete one-loop corrections from a giventrix i's. diagonal through one-.loop, it can be shown that the
jth KK level of the standard model fieldgwith a modified T parameter including the counterterm takes the

single Higgs doublet to gauge-boson self-energies: form
Myw, Mk, T, andIly, (see the Appendjx Herej rep- y(0)  T1,s(0) IL,.(0)
resents a positive integer for one extra dimension or a set Ofa(mz)rl'z wwl 227 5 cosh. sinf.—2 L

S non-negative integers in the case d&fextra dimensions. m\ZN m% v v m\z,\,

The total contribution from extra dimensions will be the sum (2.3
overj. In the large KK mass limi;>m;,my, the contri-

butions to S, T and U parameters are proportional to It can be checked explicitly from the Appendix that this ex-
th/MjZ, or mﬁ/M-Z. In one extra dimension, there is one KK pression is UV finite. As the finiteness originates from a
mode for each positive integgr and the sum converges. certain relation between counterterms determined by gauge

However, in two or more extra dimensions, there are degensymmetry, it is true in any gauge. Of coursg,is not, in
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FIG. 1. Contributions t&andT from the standard modéhe zero modésandj’th KK levels of one UED compactified 08'/Z,. Here,
1/R=400 GeV,m[j’f: 115 GeV andn,=174 GeV.

general, a gauge-invariant, physical observable unless it i€learly these are negligible compared to the contributions

combined with vertex corrections and box diagrams. (2.4 whenm? ,m?>mg,. This leads us, to a good approxi-
The important observation, however, is that the contribu-mation, to neglect them and to focus on the dominant, gauge-

tion of the Higgs-boson KK modes to the vertices and boXnvariant, oblique contribution€.4) in our numerical analy-

diagrams are negligible at the one-loop level since they argis.

suppressed by small Yukawa couplings when they couple to By the same reasoning, tfigauge-dependenkK gauge-

the light external fermions. Thus the dominant contributionsboson contributions t& and U can be neglected. From the

to T whenmy, andm, are large compared to the gauge-bosonAppendix, one can write down the dominant, gauge-invariant

masses, must by themselves be gauge invariant. It is straighgxpressions fo8, which are similar to E¢(2.4), arising from

forward to determine these from the Appendix. Fgtlakk KK Higgs bosons and KK top quarks:

level,

2
) 1 ) m
) S~ = §KKHiggs H
KK Higgs™~ 2. 1S M2’
j

3o b ciges| MH
KK Higgs Ar C&v MJ2 ’ i
2 2 Shy o~ — fRKtop| L} 2.
ST 1 3 m KKtop mg | 2.4 KKtop™ 2. 'S sz (2.7
P a(my) gg2y2 sz
where
wherev =246 GeV is the vacuum expectation valyEV)
of the zero mode Higgs boson and KK Higgs 5 2 2
fs (2)=—137 3, 32
f'<*<'*‘993(z)=§—14r —E—iJri log(1+2)
T 8 4z 4 27 472 ’
3 % 5 log(1+2),
KK to 2 2
fr p(z):l—2+—zlog(l+z). (2.5 27 4
Z KK top — _
fs ~"(z) 152 3Iog(1+z). (2.9

Note that the KK Higgs boson contributions Toare nega-
tive, while the contributions from the KK top quarks are These, together with E¢2.4), are the basis of our numerical
positive. calculations.

By contrast, the typical size of one-loop KK gauge-boson In Fig. 1, we show contributions t8andT from different

contributions toaT, vertex corrections, or box diagrams is Jth levels in terms of the Higgs boson mass, for a represen-

of order tative value of 1R, in the case of a single extra dimension on
S'/Z,. We also include the standard model contributions
a mg from the Higgs bosorizero modg after fixing the reference

Pt (2.6 Higgs boson mass at 115 GeV. The contributions from higher
T M; KK levels become small rapidly, consistent with the decou-
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pling behavioff21]. Results for the case of two extra dimen- N

sions onT?/Z, exhibit similar behavior for eaciith level, C1 5
though we must take into account degeneracy when sum-  2°X2!XMg
ming them. -

)\' «> «>
=Ci; o (H'DHHDH), (34

[1l. CONTRIBUTIONS TO SAND T FROM PHYSICS 2°X2IXM
ABOVE Ms where «=1,...,(4+5). We have extracted the

Because our effective theory breaks down at the cutof{4+ 6)-dimensional Higgs self-coupliny, of mass dimen-
scaleM,, we also estimate the contributions from physicssion — &, which appears in the quartic interaction between
above this scale by examining the relevant local operators dpur Higgs fields,
higher mass dimension, whose coefficients incorporate un- 5 5
known physics aboveMS._ To find the operators th_at give Liar 557 (H TH)2=
direct tree-level contributions t8 andT, it is convenient to 2! 22x 21
use the matrix notation for the Higgs fields,

T o¥(D M) MITH o3(DM) T M],

(TIMTM]?, (3.5

expecting that\ reflects the strength of the underlying dy-
namics responsible for similar kinds of four-Higgs interac-
ho*  ht tions. Except for the custodial symmetry violation, the op-

e ho)' (3.1)  erator(3.4) simply has two more derivatives thgn E(($_.5)

and we have pulled out all the expected factoneluding

various numerical counting factgrg writing Eq. (3.4). We
Here, theM, H and all calligraphic fields in the following then expect that, should be a constant no larger than of
are the fields in (4 6) dimensions, whereas the correspond-order unity. If there is a suppression of the custodial symme-
ing roman letters will represent the 4 dimensional zerotry violation, ¢, will be small compared to unity.

M=(ioc?H* /H)=

modes after KK decomposition. THeU(2), X U(1)y gauge After KK decomposition, the relevant 4D operator from
rotation isM— U (x) Me '“®" and the covariant deriva- EQq. (3.4) is obtained after replacing (46)-dimensional
tive is fields with the corresponding 4D zero modes,
V2
a 3 M(H)— ———5 M(H), (3.6)
_ oy a? o o (27R)
DaM—ﬁaMﬂgWa?M—lg B, M > (3.2

and integrating over the extrad dimensions, [d’%

) ) ) ) =(2mR)°/2. (The factor 2 is from theZ, orbifold.) Also
where W 2B, are the gauge fields in (45) dimensions

A _ _ _ replacingh with the 4D Higgs self-coupling,
andg,g’ are the corresponding (46)-dimensional gauge
couplings whose mass dimensior-ss/2. The mass dimen- « (27R)?
sion of W 2, B, and M(H) is (1+ 8/2). The gauge invari- A= 2 N 3.7
ance dictates that the Higgs potential up to quartic ) )
order [ie. up to mass dimension 425)] depends (€ resulting 4D operator is
only on 3T M ™M]=H"H, which implies the enlarged
SU(2) XSU(2)g symmetry,

ci——— T 3(D,M)TM]TI{ 3(D*M)TM],

M—U MUg. 3.3

=c;—5——— (H'D,H)(H'D*H). 3.8
After the zero mode Higgs field gets a VEVM) . _
= (v/2)1, v="246 GeV, this symmetry is broken down to Note that (2rR) factors have dropped out in the expression

the diagonal custodigbU(2)c which protectsT at the tree  (3.8). The contribution toT from physics abovéM can be

level. Hypercharge interactions violate custod®il(2).,  ©eStimated from Eq(3.8) to be
inducing nonzerd at the loop level. N 2 12 A2
When we consider operators of higher mass dimension, TW=¢, =c,
however, the gauge invariance can no longer prevent opera- 22X 21X M2 a(mgz) AM2a(my)
tors that violate the custodial symmetry. There is one inde-
pendent, custodial symmetry-violating operator of the lowest mﬁ
mass dimension(6+24): _C14M§a(mz) : (3.9

This result will be used in later sections when we estimate all
other possible operators can be shown to be equivalent to Edhe contributions tdl in one or two extra dimensions.
(3.4) up to additive custodial-symmetric operators. We next discuss thg parameter. From the definition &f
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167 d ) those in the finab, T andU calculation.
S=—— FH?’Y(q )q2=0, (3.10 Although the KK sum is insensitive to the cutoff, it is
99° ddq important to check explicitly that the cutoff effects in terms

where g and g’ are the 4D gauge coupling constants 0fof higher dimension ope_ratqrs are indeed negligible: From
SU(2),xU(1)y, it is clear that we need an operator that Egs. (?1.9) "’lllnd (3'14)’ thelr_S|z'e can be read convenienty
couples theSU(2), gauge fieldW? with the hypercharge oM the following expression:

gauge fieldB to describe the contributions ®from physics m 2/300 GeVi2/ 30 \2
aboveMys. It is not difficult to find the operator with the  TYV=¢,x1.6x 10—2( H \) ( V) ) ’
lowest mass dimensidi22], 200 Ge 1R MR
300 GeV{?( 30 |2
99 SW=c,x4.7x10"? 4.1)
—Cyr B, T{MaEM W], (3.1 2755 :
PTNSTIVERL [ ] (31) 1R MR

) . The current constraints on the magnitudeSaindT from the
For each field strengthV,; and B,, we have included a o igion measurements are roughly 0.2. Withbeing of
counting factor of ;. We have also pulled out the e nity SUV is sufficiently small to be neglected in the
(4+ 0)-dimensional gauge couplingg, and g’, expecting  total S contributions. Howeverg, of order unity would give
that the)V and B fields naturally couple to the underlying 3 sizableT"V if the Higgs boson mass is much larger than
dynamics that generates Hg.11) with the strength of gauge 200 GeV. Thus, we could lose the predictability Bin the
couplings. Having done this, we expestto be a constant of region of large Higgs boson mass, even if the KK sum con-
order unity. The corresponding 4D operator from E3j11,  verges. To extract reliable predictions from the KK sum

after the substitution&3.6) and alone, we may need to have a naturally smatiethan of
\/— order unity. We next argue that we indeed expgcto be as
(W, g Bog)— ( B.) small as 0.1. TherTVV can be safely neglected in the range
apZap (2mR)92 ©HTTTRYT of Higgs boson mass discussed in this paper.
The key observation is tha¥l;~30X1/R is the scale
. (27wR)%? where 5D QCD coupling becomes nonperturbative, while the
(9.9")= B (9.9"), (3.12  electroweak sector remains perturbative and is still described

by the effective 5D standard model. Because the Higgs fields
are QCD-neutral couplings to the quark sector must be in-
voked to generate the custodial symmetry-violating operator
(3.4). The largest such coupling is the top Yukawa coupling.

and the volume integratiofid®y = (27R)°/2, is

99’ .
—Cy 55— B,, TIMa*M™W* . (3.13  The 5D top Yukawa couplingy, has the mass dimension
22X 21X M2 ; : : ,
' s —1/2, and the dimensionless loop expansion parameter in
5D is given by

This gives the following estimate d from physics above

the cutoff scale: -
u AMs  (TRA)Mg  7RM; 30

= ~0.13 (4.2
UV 2mv? 2473 2473 2473 2447
SWV=c, > (3.19
Ms where\;~1 is the 4D top Yukawa coupling and we have

Note again that the final result does not depend explicitly ort'sed the relation= @R \. The factor 247 is from the
the number of extra dimensions nor the compactificatiorPD momentum integration. This indicates that the top

scale, 1R. This estimate will also be useful later when we Yukawa coupling of the Higgs fields to the quarks is still
discuss the case of one or two extra dimensions. perturbative at the scaMs, andc; can be expected to con-

tain this factor. At the scale where the electroweak sector
becomes nonperturbative, which is somewhat higher than
Mg, additional contributions to Eq.3.4) will be generated

In the case of one extra dimension, the sum over the KKby strong electroweak dynamics, possibly without any ap-
contributions toS, T and U is convergent. Thus we can proximate custodial symmetry, but then the suppression scale
obtain reliable results if the convergence is fast enough s& higher thanMg, which again makes; = 0.1. By con-
that the cutoff effects on the KK sum are insignificant. Wetrast, there is no obvious reason to expectto be smaller
see from Fig. 1 that the contributions from higher KK levels than of order unity. With these estimat@s’¥ andS"V from
become small rapidly. The error of summing only up to theEq. (4.1) are small enough to be neglected in calculatig
11'th KK level is estimated to be less than 1%. The cutoffand T contributions.
M, is estimated to be-30X 1/R [1], implying that the cutoff Having seen that the KK sum is reliable, we now analyze
is irrelevant for the KK sum. Because the standard modethe consequences of the KK contributions Scand T by
also contributes to the oblique parameters as we change tlwensidering the current combine8,T) constraints from the
Higgs boson mass fror[€'=115 GeV, we must include elecroweak precision measurements. It is helpful first to see

IV. ONE UNIVERSAL EXTRA DIMENSION ON SYz,
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FIG. 3. The 90% C.L. allowed region in the 5D UED model on
S'/7,. Up to 11 KK levels are included. Also shown is the direct
search limitmy=114 GeV.

FIG. 2. Some contours of tot&8, T from the standard model and
its higher KK modes in the 5D UED model d8'/Z,. Here m[j>f
=115 GeV andm;=174 GeV. Up to 11 KK levels are included.
The vertical line is the direct search limihy=114 GeV (95%

C.L) [23]. determined byT constraints. Fomy~800 GeV, even R

~250 GeV is possible, and this should be testable in the next

collider experiment$3,4].
how the totalSandT vary in the (my,1/R) parameter space P $34

to get a rough idea of how the constraints fr&andT shape
the allowed region in thenjy,1/R) parameter space. In Fig.
2, we show a contour plot of some values of tdfednd T In the case of one extra dimension, the KK contributions
contributions from the standard model and its higher KKto S, T andU converge rapidly before encountering the cut-
modes in the ifyy,1/R) parameter space. We also include theoff Mg, and the contributions from physics abol, are
direct-search limit ofm, =114 GeV[95% confidence level sufficiently small to be neglected. Thus, practically the pres-
(C.L.)] [23]. Because of a compensation between positiveence ofM is not significant. However, the KK sum diverges
KK quark contribution and negative KK Higgs contribution |ogarithmically in the 6D standard model, so we cannot ex-
to T, we see that amy increases, the lower bound orRl/  pect a reliable estimate from only summing the KK modes. A
from T is relaxed. For even largen, , large positive contri- possible procedure is to sum the KK modes up to the cutoff
butions to S from the Higgs KK modes make the region of the 6D model and then, as described in Sec. Il to repre-
excluded. When H is larger than~450 GeV, the constraint sent the physics beyond the cutoff by an appropriate opera-
thatT may not be large and negative sets an upper bound omr. A problem with this procedure is that while each term in
my . This can be understood from the fact that the Higgshe KK sum maintains 4D gauge invariance, the truncated
sector gives negative contributionsTaas in the usual stan- sum is not expected to respect the full 6D gauge invariance
dard model. upon which the 6D standard model is badeks noted be-
Because the constraints on tBand T parameters have a low, however, the natural cutoff on the effective 6D theory is
strong correlatior{24], separateS and T constraints are in-  at about the fifth or sixth KK level. With successive terms
complete. We therefore consider the current combir®@)  falling like 1/j and with the high energy contribution repre-
constraints to find the allowed region in th@(,1/R) param-  sented by a 6D-gauge-invariant operator, we expect the lack
eter space. To find €0%) confidence level region, we ana- of 6D gauge invariance to be relatively small—perhaps no
lyze A x? contours in the ify,1/R) parameter space. For this more than a 20% effect. We adopt this procedure with the
purpose, we may think of thenfy,1/R) parameters as a understanding that unlike the 5D case, only rough estimates
change of variables fron§T) because the number of fitting are being provided in six dimensions.
parameters is two in both cases. Thus, we can simply use the The most stringent estimate & in 6D comes from the
Ax? contours in the §,T) plane, for example, in Ref24].  naturalness of the Higgs boson mass under quadratically di-
The resulting 90% C.L. allowed region is shown in Fig. 3. vergent radiative correctiongl9]. For a valid effective-
The region of smaller R and largermy than would be
allowed from separat& and T constraints appears as a con-
sequence of the correlation between Send T constraints. 2H.-U.Y. thanks Takemichi Okui for discussions of this point at
The boundary of the region away from the tip is largely TASI 2002.

V. TWO UNIVERSAL EXTRA DIMENSIONS ON  T%Z,
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FIG. 4. The 90% C.L. allowed regions for several values péindc, in the 6D UED model 0iT2/Z,. Also shown is the direct search
limit my=114 GeV.

theory description, the six dimensional Higgs boson masanticipate that, should be less than unity. The reason is that
parameteM, (the coefficient of the quadratic term of the in 6D, the scale at which the electroweak interacti¢ins

6D Higgs field should be below, but at the same time, it cluding the Yukawa couplings to the top quark and other
should not be small compared to the one-loop radiative corfermiong become strong is not much abolg,, the scale at

rection on naturalness grounds: which 6D QCD becomes strong. Thus, the breaking of cus-
_ todial symmetry encoded in the operaf8r4) may be near-
- . AM2 maximal. Since these estimates are crude, however, we will
M>Mpy= My~ Ms, (5.9

allow in the estimates below for both maximal breaking of
custodial symmetryq;~1) as well as the presence of some

where X is the Higgs self-coupling in 6D. The factor of Suppression of this breaking{~0.1). .
12872 arises from the six dimensional momentum integral. !N Fig. 4, we show several 90% C.L. allowed regions
This gives the following relation involving the Higgs VEV takingc;=*1 or+0.1, andc,=*1. As mentioned above,

v =246 GeV: the contribution from physics belo ¢ is estimated by sum-
ming KK contributions up tdM ;=5/R. The plot shows very
different characteristic features for different signs and mag-
nitudes ofc, and c,. It should be taken only to indicate

(5.2 possibilities, though, because of the uncertainty in the esti-
mates ofc, andc,.

Taking 1R of a few hundred GeV giveR M ~5. This result First, consider the casg = +0.1. In this case, the con-

is similar to an estimate using the renormalization grougributions to T from physics aboveMg do not affect the

analysis of both gauge couplings and Higgs self-couplingshapes of the regions significantly. However, an important

[25], showing thatM should be around five times of the dependence on the sign of appears. For negative, (the

compactification scale. We therefore taki,~5/R in the  right figure, a region of larger Higgs boson mass can be

12872

v=[7RMs(AM3) "M = (RMg)2 R™L,

1
V128w

following. allowed, compared to the case of positose(the left figure.
The contributions toS and T from physics aboveMy, This can be understood from the fact that this region is con-
estimated in Eqs(3.9) and(3.14), can be written as strained by large positive KK contributions ®as can be

seen in Fig. 2. With negative,, the contribution from phys-
ics aboveM ¢ can cancel the KK contributions in this region,

TWe o %05 my  \?(300 GeVi?[ 5
~C1x0. 200 Ge 1R M R relieving the constraint frors Since no such cancellation is
involved whenc,=1, the left figure may describe a more

UV 300 GeV|?/ 5 \? generic allowed region for the casg==*0.1.
ST=c,x0.1 1/R MR/ (5.3 In the (perhaps more likelycasec,==*1, the contribu-
tions to T from physics above the cutoff have significant
As in the 5D case, we expec} to be a parameter of order effects on the shape of the regions, while the contributions to
unity. But in contrast to 5D, there may be no good reason t& from above the cutoff play a lesser role in determining the

2
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allowed regions. Whemr,=+1, a region where botimy, 14] are sensitive both to the compactification scale and to the

and 1R are large can be allowed, because the large negatividiggs boson mass through the rates of the Higgs-mediated

total contributions tal from KK modes with largan, can be  processes. It would be interesting to reanalyze them in the

compensated by the positive UV contributionTioWith c;  allowed (my,1/R) parameter region obtained in this paper.

=—1, Higgs boson masses lighter tha00 GeV are pre-

ferred. This is because the negative UV contributioil tan ACKNOWLEDGMENTS

then be cancelled by the dominant positive contributioriE to

from the KK top-quark doublets. Higgs boson masses We would like to thank Bogdan Dobrescu for many criti-

heavier than~400 GeV are excluded in the;=—1 case cal comments in the early stages of this work, and Tatsu

because they too give a negative total KK contributiomto Takeuchi for an important discussion on Sec. Il. We also
Although we cannot extract precise information from thethank Hsin-Chia Cheng and Eduardo Ponton for helpful dis-

plots of Fig. 4, due to the uncertainty in the signs and magcussions. This work was supported by DOE under contract

nitudes of the coefficients, andc,, the above results do tell DE-FG02-92ER-40704.

us that the possibility of a large Higgs boson mass and a

relatively small compactification scale is not excluded in 6D APPENDIX: SUMMARY OF ONE-LOOP KK

UED theories. CONTRIBUTIONS TO GAUGE-BOSON

SELF-ENERGIES

VI. CONCLUSIONS . . . .
In this appendix, we summarize the calculation of one-

The discovery of additional spatial dimensions accessibléoop diagrams with intermediate KK particles for tfeero
to the standard-model fieldainiversal extra dimensiops mode gauge-boson propagators. We introduce the higher di-
would be a spectacular realization of physics beyond thénensional analog of thR, gauge withé=1, in which extra
standard model. The first stud§] of the constraint on the dimensional components of gauge bosons can be treated as
compactification scale, R/ from precision electroweak 4D scalar fields without any mixed kinetic terms with 4D
measurements in theories of universal extra dimensions gaw@mponents. Because the KK number is conserved at verti-
the bound IR = 300 GeV. But an assumption of that analy- ces and the external lines are zero modes, all KK particles in
sis was that the Higgs boson mang is less than 250 GeV. one-loop diagrams are in the sarjté level. We group the
In this paper, we have considered the precision electroweagiiagrams into five classes such that quadratic divergences
constraints in terms of th& and T parameters without as- cancel within a class.
suming thatm, =250 GeV. (8 Loops with KK quarks of the third generation.

We have shown that current precision measurements, (b) Loops with KK gauge bosons, in which at least one
when analyzed with both the compactification scaR ahd  internal line is a 4D component and loops with KK ghosts.
the Higgs boson magsy, taken to be free parameters, lead (C) Loops with KK gauge bosons with extra dimensional
to a lower bound on R that is quite sensitive tm,; and can  componentgshould be multiplied by, the number of extra
be as low as 250 GeV. This becomes possibhayifis larger ~ dimensions
than allowed in the minimal standard model—as large as 800 (d) Loops with KK particles from the Higgs sector.

GeV. Equivalently, in the presence of low-scale universal (€) Loops with one KK gauge boson and one KK particle
extra dimensions, precision measurements allow a consideitom the Higgs sector.

ably largermy than in the framework of the minimal stan-  In the following, s,=siné,, c,=cosf,, E=2/l—vy
dard model. The main reason for this is that the negativetlog 4, and

contributions to ther parameter from the Higgs boson and s 5 o 5

) > . — N2 _ 2 _ 2 2

its KK partners can be cancelled by the positive contribu-  Aj(Mz, M3, X)=M7=x(1=x)p“+(1—Xx)mi+xm,

tions from KK top quarks. (A1)

A light compactification scale would have important con-
sequences for the possibility of direct detection of KK par-
ticles in the next collider experimenit8,4,26. The KK dark
matter densityf10] and its direct or indirect detectidril— 1. WW self-energy

whereM?=(j/R)%

. a —6 (1
H{,f,"(‘,{/(pz)=ﬂs—2 0dx(E—IogAjz(O,mtz,x))(2x(1—x)p2—xmt2)

W
: a C2 (1
mp?) = Es_zfo AX(E—log A%(md,,m2 X)) (2(— 4x2+ 4x+1)p2+ (3— 4X)m3+ (4x— 1)md)
W
o 1
+ Efo dx(E—log AZ(m,0X))(2(—4x?+4x+ 1) p?+ (4x—1)mg)
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h o Ca, 1
H{,f,ﬁ,)\/(pz)=Egjodx(E—IogAjz(m\zN,mg,x))(—(4x2—4x+1)p2+(1—2x)m§+(2x—1)m6\,)
a (1 22 2 2 2
+E de (E—1og A7(mg,0%))(— (4x°—4x+1)p“+(2x—1)my)
iz L[ 22 2 2 2 2 2
IMiyw(p ):EE Odx(E—IogAJ-(mw,mz,x))(—(4x —4x+1)p +(1—2x)mz+ (2x—1)my,)
a 1M 2,2 2 2 2 2 2
+EE 0dx(E—IogAJ—(mW,mH,x))(—(4x —4Ax+1)p +(1-2x)mg+(2x—1)m)
W
i@ 2y @ 11 2, 2 2 AN 2, 2 2 2
IywW(P?) = 7= — | dX(E—log Aj(mg,mg,x))mi+ ——(—=sp) | dx(E—logAj(mg,,mz,x))m3
41 SW 0 4 0
fo% 1
- —ﬂ_(—l)fo dx(E —log A%(mg,,0,x))mg,.
2. 77 self-energy

. 1 3 (1
P(p)= & 2O S f dX(E~log AX(m?,mZ X)(2X(1-X)P?)+ 5 — -5 f dX(E—log AZ(m?,m? x))m?
0 SWCW 0

@ —3+4s —3Sy
—J dx(E—log A?(0,0,x))(2x(1—x)p?)
4’77 SWCW

2
. Cw (1
M (p?)= - %fo dx(E~log AZ(m3,,mé,x))((— 82+ 14x— 1) p?+2m3,)

) a 2¢2 (1
H'Z(?(pz)=ﬂ—zwf dx(E—log A%(mg,,mg,,x))((—2x?+3x—1)p?)
sz Jo

1
le<g>(p2)—4ﬁ P zf dX(E—log AZ(mZ,mf X)) ((—4x2+4x—1)p®+ (1—2X)mf + (2x—1)m5)
C 2
+ 2 ﬂf dX(E — log AZ(mZ,, m2, ,x))((— 2x2+3x—1)p?)
47T ZSWC
H”e’(pZ)— IogA2<mz,mH,x>)mz+—< 2s%) f dx(E—log A%(mg,,mg, . x))m3.

3. Zy self-energy

a —4+Fs 1
(%) = o — " (e~ log AZ(mE . x)(2x(1-X)p)
o —2+ 8 S 2 2
477 W.{ dx(E—1ogA7(0,0x))(2x(1—x)p?)
D (p?)= de(E log AP(mg,,m, ) ((—8x%+ 14x—1)p?+2m,)
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. a 2c, (1
Y9 (p?) = i gWJ’O dx(E—log A%(mg,,mg, . x))((—2x?+3x—1)p?)

J(d)(pz) 41 swc
W

fdx(E IogA (m3,,ma,,x))((—2x%+3x—1)p?)

. a 2s, (1
Y9 (p?) = i Efo dx(E—log A%(mg,,mg,,x))mg,.

4. yy self-energy

H'("‘)(pz)— — —f dx(E—log A%(mf,m?,x))(2x(1—x)p?)+ 4— 8J'ldx(E—IogA]-z(O,O,x))(Zx(l—x)pz)
™ 0

H'(b)(pz)— fdx(E log A%(m§,,mg, X)) ((—8x?+ 14x— 1) p?+2mg)

HJ';C)(pZ)— de(E log Af(mg,, Mg, x))(2(—2x%+3x—1)p?)

. o 1
I (p?) = Efo dx(E—log AX(m2,,m2,,x))(2(—2x2+3x—1)p?)

) a (1
1 (p?) = EJO dx(E—log A%(mg,,mg,,x))(—2mg,).
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