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Recent results from the NuTeV experiment at Fermilab and the deviation &fithasible width, measured
at CERN LEP and the SLAC Linear Collider, from its standard m@8&l) prediction suggest the suppression
of neutrinoZ couplings. Such suppressions occur naturally in models which mix the neutrinos with heavy
gauge singlet states. We postulate a universal suppression dtheouplings by a factor of (+e) and
perform a fit to theZ-pole and NuTeV observables with and the oblique correction paramet&snd T.
Compared to a fit witt8 and T only, the inclusion ofe leads to a dramatic improvement in the quality of the
fit. The values ofSandT preferred by the fit can be obtained within the SM by a simple increase in the Higgs
boson mass. However, if th& mass is also included in the fit, a non-z&doparameter becomes necessary
which cannot be supplied within the SM. The preferred value stiggests that the seesaw mechanism may
not be the reason why neutrinos are so light.
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I. INTRODUCTION NuTeV result by 3 in g”. This disagreement between
NuTeV and the SMas determined by non-NuTeV datis
The Neutrinos at the TevatrdiNuTeV) experimen{1l] at  sometimes referred to as the NuTeV “anomal].
Fermilab has measured the ratios of neutral to charged cur- Various suggestions have been forwarded as the cause of
rent events in muofant)neutrino—nucleon scattering: this discrepancy4—11]. These include theoretical uncertain-
ties due to QCD effects, tree level and loop effects resulting
2 2 from new physics, and nuclear physics effects. We refer the
=9 OR: reader to Ref[3] for a comprehensive review. In this paper
we investigate one explanation which is particularly attrac-
— — 2 tive in its simplicity and economy.
_— M: 24 %, (1) Note that the NuTeV value aj? is smallerthan the SM
o (v ,N—u"X) r prediction. This is because the ratiBs and R, were both
smaller than expected; i.e., the neutral current events were

B o(v,N—v,X)

- o(v,N—pu~X)

where not as numerous as predicted by the SM when compared to
— N the charged current events. In addition, the invisible width of
r:f’( vuN—p"X) 1 @) the Z, measured at the CERR"e™ collider LEP and the
o(v,N—u"X) 2’ SLAC Linear Collider(SLCO), is also known to be & below
the SM prediction12]. Both observations suggest that the
and has determined the parametgfsandg [2] to be couplings of the neutrinos to tl#boson are suppressed with
5 respect to the SM.
9. =0.30005-0.00137, Suppression of th&Zvv couplings occurs naturally in
models which mix the neutrinos with heavy gauge singlet
g&=0.03076-0.00110. (3)  states[4,5,13—-186. For instance, if thesU(2), active neu-

trino v is a linear combination of two mass eigenstates with
The standard modelSM) predictions of these parameters g mixing angle,

based on a global fit to non-NuTeV data, cited[gﬁ]SM
=0.3042 and g&]sy=0.0301 in Ref.[1], differ from the

v =(€080) vight+ (SIN 0) heayy, 4
*Electronic address: loinaz@alumni.princeton.edu then theZvv coupling will be suppressed by a factor of
TElectronic address: nokamura@vt.edu cosd if the heavy state is too massive to be created in the
*Electronic address: takeuchi@vt.edu interaction. Note that th&/¢v coupling will also be sup-
SElectronic address: rohana@physics.uc.edu pressed by a factor of ca@s
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In general, if theZvv coupling of a particular neutrino
flavor is suppressed by a factor of {k), then theW¢v
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TABLE I. The correlation matrix of th& line-shape parameters
from LEP.

coupling of the same flavor will be suppressed by a factor o
(1—¢/2). For simplicity, and to preserve lepton universality,
assume that the suppression parametés common to all
three generations. The theoretical valuesRgfand R, are
reduced by a factor of (2¢), since their numerators are
suppressed over their denominators, and the invisible widtl
of the Z is reduced by a factor of (22¢). At first glance,

then, it seems that neutrino mixing may explain both the

NuTeV and invisible width discrepancies.

However, more careful consideration appears to veto this

possibility. One of the inputs used in calculating the SM
predictions is the Fermi consta@g, which is extracted
from the muon decay consta@t, . Suppression of th&/¢ v
couplings leads to the correcti¢a,13-15

Gr=G,(1+s), (5)

which will affect all SM predictions. Referencg3] con-
cludes that a value of large enough to explain the NuTeV
anomaly would affect the predictions of the SMith a con-
ventional light Higgs scalarto an extent that the excellent
agreement between the SM azigbole observables would be
lost.

Notice, though, that the Fermi consta@t always ap-
pears multiplied by th@-parameter in neutral current ampli-
tudes. Thus, the predictions f@-pole observables will be
undisturbed if a shift inGg is compensated by a shift m.

£
I

Mz I'z U'g R? A[F)'é
1.000
-0.023 1.000
0 —0.045 —0.297  1.000
0 0.033 0.004  0.183 1.000
ol 0.055 0.003  0.006 —0.056  1.000
I',=2.4952-0.0023 GeV,
o0=41.540+0.037 nb,
(6)

R?=20.767-0.025,

A% =0.0171+0.0010,

with the correlation matrix shown in Table I. Of these pa-
rameters,M; is used as input to calculate the SM predic-
tions, and R‘j is used to fix the QCD coupling constant
as(Mz). The remaining three are equivalent (Ref. [12],
pp. 8, 9, and 146

T jop= 83.984- 0.086 MeV,

Tiny/Tepi=5.942+0.016,

Such shifts can arise via oblique corrections due to new

physics[17].
In the following, we perform a fit to theZ-pole and
NuTeV data with the oblique correction paramet8rand T
as well as th&Zvv suppression parameter Oblique correc-
tions alone cannot explain the NuTeV and invisible width
discrepancies. However, fits involving the parameteshow
excellent agreement with both tiepole and NuTeV data.
The question then is as follows: “What physics would
account for the values & andT that allows for a non-zero
€?” A simple (though perhaps not unigusolution is the SM

sinf6%P'= 0.23099+ 0.00053. )

There is a correlation of 0.17 betweéh, and I'jy, /T jgpt
while other correlations are negligible. The SM prediction
for the Z invisible width is(Ref.[12], p. 9

®

As mentioned in the Introduction, this isc2above the ex-
perimental value.

T'iny/Tpi=5.9736+ 0.0036.

itself with a heavy Higgs boson. Indeed, we show that if the  The remaining observables from LEP and SLC, i.e. vari-

Higgs boson mass is allowed to be large, thenZimmle and
NuTeV data can be fit by alone.
The preferred value of suggests large mixing angles

between the active neutrinos and the heavy sterile stategpiained fromr polarization,A g,

This may rule out the seesaw mechaniskf] as the expla-
nation of the smallness of neutrino masses.

If the W mass is included in the fit, we must also intro-
duce the oblique correction parametérThe preferred value

ous asymmetries and ratios of partial widths, can be inter-
preted as measurements of%#if§" in the absence of vertex
corrections from new physi¢49]. The average of the values
Ags. AR5, and(Q),

and that obtained from2$ above, is(Ref.[12], p. 146

sinf6%P'= 0.23148 0.00017. 9

of U is virtually independent of the reference Higgs boson|; should be noted that the agreement among the values of

mass and cannot be supplied within the SM. We discuss Wh%tinzelept obtained from the six observables is not good. The

B B eff
type of new physics may generate the required valudl.of X2/DOF (degrees of freedojrassociated with the average is

10.2/5. However, since neither oblique corrections nor neu-
IIl. THE DATA trino mixing has any effect on the quality of the agreement,
We begin by listing the data which we will use in our We Will just use the average value, H), as representative

analysis. TheZ line-shape parameters from LEP and SLC of these measurements. The observables not included in this
. , |
assuming lepton universality, afRef.[12], p. 8 average, such &, andR;, depend only weakly on stfgf"
and carry little statistical significand@0]. Indeed, we have
M>=91.1875-0.0021 GeV, also performed an analysis with all the asymmetries and
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TABLE Il. The observables used in this analysis. The SM pre-weakly on this choice. Finally, the Higgs boson mass is var-
dictions are for inputs Oﬂv'top 1743 GeV, Mygs=115 GeV,  jed from 115 GeV, the lower bound from direct searches
ag(Mz)=0.119, andAa ¢ 0.02761. They differ from the SM  [26], up to 1000 GeV.
predictions cited in the text since the global fit prefers a slightly
different set of input values.

Ill. THE CORRECTIONS

Observable SM prediction Measured value
We now consider the effect of the oblique correction pa-

Llept 83.998 MeV 83.984:0.086 MeV rametersS, T, U, and theZvv coupling suppression param-

Ty /T jept 5.973 5.9420.016 etere on the electroweak observables. The dependence of
sinfg et 0.23147 0.231480.00017 the observables on the oblique correction parameters was
g? 0.3037 0.3002:0.0012 obtained in Ref[17] so we will not reproduce it here. To
g3 0.0304 0.0316:0.0010 obtain the dependence en we note that the tree-level rela-
My 80.375 80.4420.034 GeV tion between sifg,, and the input parameters, G, and

M is given by

heavy flavor data, together with their correlations, included

separately and have confirmed that doing so does not change )

the conclusions of this paper. sin 26=
Forg? andg3, we take the values in the 1998 Review of

Particle Physic421], which are based on all experiments

prior to NuTeV, Thus, a shift inGg, Eq. (5), will shift sin’4, (be it

(on shell) lep
97=0.3009+0.0028, sirfoW" "0 or sirfgf) by

1/2
dra

V2GeM2

(16)

2_
g&=0.0328+0.0030, (10) o S S0 5Ge M2 :_< 22 )8
and average them with the NuTeV values, ). We obtain c?—s?| @« Gp M2 c?2—-s?)
17
g2=0.3002+0.0012,
g2=0.0310+0.0010. (1)  Combining with the oblique corrections, we obtain
The correlation is negligible. -
We will also use théeW mass later in the analysis. The 5S|n20|ept asS _ S¢C (aT+e)
world average fronpp experiments and LEP2 Ref.[12], 4(c®—s?) c?—s? '
p. 150
My,=80.449:0.034 GeV. (12) My oS 2 2\ U
, . . _ =— + T+—e|+—.
See Table Il for a list of our inputs together with their SM Mw 4(c?—s%) 2(c?-5?) c? 8s?

predictions. (18
The SM predictions are calculated witFITTER v6.36
[22] and the formulas in Ref23]. The inputs tazFITTER are

the Z mass from Ref[12], listed in Eq.(6), the top mass | NeZ widths are proportional to the produptGe M3 [27]

from Ref.[24] and it is easy to see that
Mp=174.3t5.1 GeV, (13
" 5(p GeM3) _
and the hadronic contribution to the running of the QED pG—Ms—“TJFS- (19)
coupling constant from Ref25], Fz
o5 _
had Mz) =0.02761-0.00036. (14) From Eqgs.(18) and (19) we see that alZ-pole observables,

except for the invisible width, depend @nonly through the

combination @ T+¢). Consequently, any shift in th&pole
ag(M5)=0.119. (15)  observables due to a non-zesaould be compensated by a

shift in the T parameter with the result that the observables

All our observables are either purely leptonic, hence QCDremain unchanged. Finally, thé invisible width must be

corrections only enter at the two loop level, or ratios of crossr:orrected by a factor of (22¢) and the NuTeV parameters

sections in which the leading order QCD corrections cancelgL and gR by a factor of (I-¢).

Consequently, the results of the fits depend only very Numerically, the observables are corrected as follows:

The QCD coupling constant is chosen to be
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1—‘Iept
[Flept]SM

1_‘inv/l_‘lept
[Finvlrlept]SM

sir? ep =
[I’]ZT:1+00168_0011T_148,
SIN Oeft Ism

=1-0.00215+0.0093T + 1.2¢,

Tine/Tlept

=1+0.0021S—0.0015T—2.2¢,

2

g
L —1-0.0090S+ 0.022T—0.17e, (20
[9C]sm
2
Or
[ 2] =1+0.031S—0.0067T — 3.9¢,
OrlsM FIG. 1. The fit to the data with onl$ andT. The bands asso-
M ciated with each observable show the limits. The shaded ellipses
W _1-0 +0. show the 68% and 90% confidence contours. The unshaded ellipses
0.00365+ 0.0056T
[Mw]sm partially hidden behind the shaded ones show the contours when

only the Z-pole data is used. The origin is the reference SM with
Miop=174.3 GeV andMgqs—=115 GeV. The curved arrow at-

tached to the origin indicates the path along which the SM point
will move when the Higgs boson mass is increased from 115 GeV

using Gﬂ_as input. Note that the Coeff'%ent ef in gL s to 1 TeV. The curved lines above and below it indicate the uncer-
small. This means that the dependencgpbn ¢ due to the tainty in the SM point's position from that of the top madé;,

suppression of th&vy and W€ v couplings is almost can- —=174.3+5.1 GeVv[24].
celed by the dependence of the SM prediction throGgh
Ironically, although the original motivation for introducing
the parametes was to fitg?, it turns out thag? is the least
sensitive toe of all the observables considered.

+0.0042U +0.22¢.

Here,[* ]gv is the usual SM prediction of the observable *

Though thegf band tries to pullS and T into the fourth

guadrant(which corresponds to the SM with a larger Higgs
boson mass the narrow sif9'S" band forcesS and T to
move along it into the third quadrant. In conclusion, oblique
IV. THE FITS corrections alone cannot explain the NuTeV anomaly and/or

Using the data and formulas from the previous sectionsth® invisible width discrepancy.
we perform several fits. Initially, we exclude thiémass and
perform a fit to the remaining five observables only since B. With neutrino mixing
including theW mass serves only to determine llt_jeparam- Next, we perform a fit witt§, T, ande. The reference SM
eter and does not affect the values of the other fit parameters; M op=174.3 GeV,M y44= 115 GeV as before. The result

is
A. Oblique corrections only
First, we perform a fit with only the oblique correction S=-0.03-0.10,
arametersS and T. Using M,,=174.3 GeV, My
P NG Miop Higgs T=-0.44+0.15, 22)

=115 GeV as the reference SM and fitting the expressions in
Eq. (20) to the threeZ-pole observables and the two NuTeV

observables, we obtain £=0.0030+0.0010.

S=-0.09+0.10, The quality of the fit is improved dramatically tg?=1.17
for 5—3=2 degrees of freedom. The correlations among the
T=-0.13+0.12, (21)  parameters are shown in Table Ill. The preferred regions in

the S—T, S—¢, andT—¢ planes are shown in Figs. 2—4.
with a correlation of 0.89. The quality of the fit is unimpres- The central values have shifted somewhat from our prelimi-
sive: x>=11.3 for 5-2=3 degrees of freedom. The pre- nary report in Ref[28]. This is partly due to our use of
ferred region on thés—T plane is shown in Fig. 1. As is updated NuTeV numbers from the third referenc¢ldf and
evident from the figure, there is no region where the 1 partly due to our use ok a{2(M;)=0.02761 from Ref[25]
bands forT ey, SO, andg? overlap. instead of the zAITTER default value of Aa{S(My)

Figure 1 also shows the preferred regios&ndT are fit  =0.02804.
to the Z-pole observables only. Including the NuTeV data Thus, by including both oblique corrections aad we
shifts both central values db and T to the negative side. obtain an excellent fit to both th&-pole and NuTeV data.
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TABLE Ill. The correlations among the oblique correction pa- ~ 0.010
rameters and. The correlations amon§, T, ande are unaffected
by whetherM, and theU parameter are included in the fit.

S T U e 0005
s 1.00
T 0.56 1.00 + 0000
U ~0.20 ~0.73 1.00
e 0.18 —0.64 0.58 1.00

—0.005

But what kind of new physics would provide such values of
SandT? While the limits onS permit it to have either sign,
T is constrained to be negative byr3 Few models of new —0.010
physics are available which predict a negafivg29].

Recall that the effect of a SM Higgs boson heavier than

our reference valu¢here chosen to be 115 Gg¥s mani- FIG. 3. The 68% and 90% confidence contours on $hes
fested as shifts in the oblique correction parameters. Thelane. The arrow attached to the origin indicates the path along
approximate expressions for these shifts [8@ which the SM point will move wheM Higgs is increased from 115
GeV to 1 TeV. The dependence of the SM point g, is not
shown.
Shiggs™ aln(MHiggs/M Leifgg J C. Neutrino mixing only

To check that the SM itself is indeed compatible with the
data(excluding thew mass$ we perform a fit with onlys as

3 . .
T~ — ———IN(M yiqa/ MY o3 the fit parameter, and plot the dependencg?6n the Higgs
Higgs 8mc? (M biggs/Migos @3 boson mass used to define the reference SM. The result is
shown is Fig. 6. We also show ttM;4,s dependence of the
Upigqe=0 1o limits on ¢ in Fig. 7. The graphs demonstrate that the
iggs .

data are well fit by a SM with a heavy Higgs boson and a

. . " . ) ) nonzero value ot.
Notice that Sy4es is positive while Ty;qqs is negative for
MHiggs>M{j'}fgg's. Thus increasing the Higgs boson mass wil
have the desired effect of providing a negativeCanT be _
made negative enough without makiSgoo large? The an- We have deliberately excluded th&/ mass from our
swer is provided in Fig. 5, in which we show an enlargemeng@nalysis since it cannot be fit withalone, or byS T, ande.
of the central region of Fig. 2. The SM points fall comfort- Equation(18) suggests that the single parameter fit with
ably within the 90% confidence contour when the Higgs bo-Which yields a positive value of, may increase th&/ mass

son mass is even moderately large.

D. The W mass

0.010 ——— T

1.0

0.005

0.5

Vo, '.
sin®@ !;ft E)

w 0.000

—0.005

-0.5

—-0.010

FIG. 4. The 68% and 90% confidence contours on Thee
plane. The arrow attached to the origin indicates the path along
FIG. 2. The 68% and 90% confidence contours on $kel which the SM point will move wheM 4 is increased from 115
plane when the data is fit wit§, T, ande. The SM points are GeV to 1 TeV. The dependence of the SM point iy, is not

shown as in Fig. 1. shown.

073012-5



LOINAZ et al. PHYSICAL REVIEW D 67, 073012 (2003

0.2 — T T T T T 0.006
oL = My - H fit with S, T, and « -
C 3 ] 0004 —
g § ] I .
0.0 — — L
= 01 — _' v 0002 [— =
-0.2 = ] : fit with e only :
L - 0.000 — -
-03 ] L 1
S Y A YW A I BN I R
-04 L 5 — — —= = 0 200 400 600 800 1000
- s ' ' Mange (GE)
FIG. 5. Enlargement of the central region of Fig. 2. gy, FIG. 7. The dependence of therlimits of & on My;ges The

andM,,, dependence of the SM point is shown as in Fig 2, with theHiggs mass in the shaded region is excluded by direct searches.
Higgs mass indicated in units of GeV. The horizontal arrow going
through the origin indicates the uncertainty in the position of the
SM point due to the uncertainty ida{3Y(M;), with the arrow U=0.62+0.16, (25)
pointing in the direction of increasinga{>}(M).

and the correlations with the other parameters are shown in
prediction towards the experimental val4g. However, the ~ Table Ill. The dependence of these limits on the reference
coefficient ofe, Eq. (20), is too small for it to significantly Higgs massMyes is weak, as implied by Eq(23) and
mitigate the discrepancy. A three parameter fit v8tii, and ~ shown in Fig. 8.
¢ also fails to close the gap. In that case, note that the com-

bination of T ande upon whichMy, depends is V. CONCLUSIONS AND DISCUSSION
2 c2— g2 We conclude that neutrino mixing together with oblique
aT+ & =(aT+e)— e (24 corrections can reconcile thépole and NuTeV data. The
c simplest model which provides the necessary valuesasfd

T is the SM itself with a large Higgs boson mass.
Since (@T+¢) is pinned by theZ-pole observables, a non- We emphasize that there is nothing exotic about this so-
zero ¢ would actually lead to adecreasein the W mass lution. Neutrinos are known to mix from Super-Kamiokande
prediction. Therefore, thé) parameter is necessary to fit [31], SNO[32], K2K [33], and other neutrino experiments.
My . The result of the four parameter fit to the reference SMNeutrino mixing may have the added bonus of contributing
of Migp=174.3 GeV,Mgqs= 115 GeV is negatively to bottSandT [29].
The possibility that the Higgs boson is heavy has also

35 —— —r —r
F Nl \ I I ] o
b ] O T ]
30 — === = My, =174.325.1 GeV ] L
L R - L i
F i e Al =0.02761£0.00036 i
25 VN i 05 —
= i . \ - =
- 5 L
O: = 2 B =) =
g 2.0 EEEREEEE R D T T R T T R 3 =
Y s B 0.0 —
L E L
15 — w F
: ............... L PRI D O -~ =
10 — -0.5 —
05 B v | a5 ¢ ¢ |l aa 7 lappy [a ¢35 r
0 200 400 600 800 1000 10_....|....|‘ gl e | o ‘
Myggs (GeV) o 200 400 600 800 1000

_ Mg (GeV)
FIG. 6. The dependence qf/DOF 0N Myiggs When onlye is

used to fit theZ-pole and NuTeV data. Thé/ mass is not included FIG. 8. The dependence of therllimits of S T, andU on
in the fit. The Higgs mass in the shaded region is excluded by diredl ig4s. The Higgs mass in the shaded region is excluded by direct
searches. searches.
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been under scrutinjB4,35 since it has not been found in the formation of bound states at new patrticle thresholds. If one
~80 GeV range preferred by the SM global(fRef.[12], p.  expressed andU as dispersion integrals over spectral func-
154). If the Higgs boson is indeed heavy as suggested by Figions, one finds
6, it may favor a possible dynamical mechanism for elec-
troweak symmetry breaking while providing a challenge for
supersymmetry36].

The limits on the suppression parameter,

= ds
Tocf —[ImII.(s)—ImTIIy(s)],

Sthres

» ds
£=0.0030+0.0010, (26) Uocf — [ImTL.(s)—ImTly(s)], (29
Sthres S
imply !
where we have used the notation of H&8]. Because of the
¢=0.055+0.010 (27)  extra negative power of in the integrand olU, it is more

- . . . .. sensitive to the enhancement of the threshold thandeed,
as the mixing angle if the suppression is due to mixing Withy; ¢ heen shown in Ref38] that threshold effects do not
a single heavy sterile state. The heavy state into which th‘énhance thel parameter. This could, again, mean that a

nheuéridno mixes deSt be at Izast.as massive atse dthat theory that exhibits dynamical electroweak symmetry break-
the Z does not decay Into It. A naive seesaw mddé] 08S " ing is favored. This possibility will be investigated in a sub-
not permit such a large mixing angle since the angle is reéequent paper

lated to the ratio of masses. However, it can be shown that
the required pattern of mixings and masses can be arranged
when there exist inter-generational mixingk5]. We will
present explicit examples in RB7]. We would like to thank Lay Nam Chang, Michael Cha-

The W mass needs th& parameter, so we cannot do nowitz, Michio Hashimoto, Randy Johnson, Alex Kagan,
without other new physics entirely. The Higgs mass depenKevin McFarland, Mihoko Nojiri, Jogesh Pati, and Mike
dence of the oblique correction parameters are shown in Figshaevitz for helpful discussions and communications. This
8. What kind of new physics will be compatible with this? It research was supported in part by the U.S. Department of
has to predict a small' while predicting a largeJ. One  Energy, grants DE—-FG05-92ER40709, Task(RT. and
possibility is that theU parameter can be enhanced by theN.O.), and DE-FG02-84ER40153..C.R.W).
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