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We report on a search for flavor-changing neutral-curréR@NC) in the production of heavy quarks in
deep inelastio’,,N and;ﬂN scattering by the NuTeV experiment at the Fermilab Tevatron. This measurement,
made possible by the high-purity NuTeV sign-selected beams, probes for FCNC in heavy flavors at the quark
level, and is uniquely sensitive to neutrino couplings of potential FCNC mediators. All searches are consistent
with zero, and limits on the effective mixing strengig, |2, |Vqpl?, and|V,,|? are obtained.
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[. INTRODUCTION to new physics since loop level SM-FCNC decays are se-
verely suppressed by the Cabibbo-Kobayashi-Maskawa
Flavor-changing neutral curre(ECNC) interactions of- (CKM) matrix. While experimental signatures for FCNC in
and b-quarks appear in a number of extensions to the star® andB decays are clear, their interpretation is ambiguous.
dard model(SM) of particle physics, including extra quark Meson decay rates depend on one or more incalculable had-
generationg1,2], technicolor[3—7], multiple Higgs sectors ronic form factor. In addition, experimentally attractive final
(as in supersymmetn[8—11], left-right symmetric models States, such a®°—e'e” and B°~u" ", are helicity-
[12], and leptoquark$13,14. Evidence for FCNC effects syppressed, which obscures dynamical roles played by par-
in the heavy quark sector beyond higher order SM processdicular FCNC models. _
has not yet been observed. Present limits on FCNC result This article presents an alternative search for FCNC pro-

from searches for rare decays of chdrts] and beauty me- cesses in th? deep inelast!c scatter(r_wS) data_of thg
NuTeV experiment, where either neutrinos or anti-neutrinos

- . ) o
sozsélGlJrlla_,;n p(';rtlculla_r, decays gf_thgiyg@ogtr I ;( interact with a massive iron target. Flavor changing effects
an o o where |=e or u, D=(D".D"Ds), can be sought in the reactions

=(B7,B",Bg), andX is either nothing, a pseudoscalar, or a

vector meson. The—u transitions are particularly sensitive v,N—wv,CcX, c—ut X, 1)

v, N=v,bX, b—p*X’, @)
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thev, /v, event ratio in neutrino mode, and thg /v, ratio Events in the WSM sample must satisfy a number of se-
in anti-neutrino mode, were 0810 2 and 4.8<10 3, re- lection criteria(cuty. The fiducial volume cut requires that

spectively. Because of the semi-inclusive character of th&vent vertices be reconstructed at least 25 cm from the outer
measurement, FCNC effects in neutrino scattering can bedges of the detector in the transverse directions, at least 35
probed at the quark, rather than the hadron, level. Furtheem-Fe(cm of iron-equivalentdownstream of the upstream
more, neutrino scattering is particularly sensitive to anyface of the detector, and at least 200 cm-Fe upstream of the
FCNC process mediated by an intermediate neutral obje¢broid. Events must possess a hadronic energy of at least 10
that couples more strongly to neutrinos than to charged lepseV, and exactly one trackkthe muon must be found. The

tons (e.g., az°%like coupling. muon is required to be well-reconstructed and to pass within
the understood regions of the toroid’s magnetic field. The
Il. EXPERIMENTAL APPARATUS AND BEAM muon’s energy must be between 10 and 150 GeV, and its

charge must be consistent with having the opposite lepton

The NuTeV (Fermilab-E815 neutrino experiment col- number as the primary beam component. Requiring that the
lected data during the 1996—-1997 fixed target run with the b y P - ~ed 9

refurbished Lab E neutrino detector and a newly installednuon energy reconstructed in different longitudinal sections
Sign-Selected Quadrupole TraiBSQT neutrino beamline of the toroid agree within 25% of the value measured using
The sign-selection optics of the SSQT pick the chargé 0the full toroid reduces charge mis-identification backgrounds

. . : o the 2x 10 ° level. Finally, for the purposes of the final
s_econdary p|on§ and kaons, which de?ermmes whetherr FCNC fit, the reconstructegl,,s is required to be larger than
v, are predominantly produced. During NuTeV's run the

primary production target received 1230% and 1.41 0.5. With these cuts, there are 20-mode and 127%-mode

X 1018 protons-on-target in neutrino and anti-neutrinoWSM events remaining in NuTeV’s nearly 2 million single

modes, respectively. The SSQT and its performance are gguon sample.

scribed in detail elsewhefd9].

The Lab E detectof20] consists of two major parts: a
target calorimeter and an iron toroid spectrometer. The target Conventional WSM sources arise from beam impurities,
calorimeter contains 690 tons of steel sampled at 10 cm inright-flavor charged curre€C) events, where the charge of
tervals by 84.3rx3m scintillator counters, and at 20 cm the muon is mis-reconstructed, CC and NC events, where a
intervals by 42.3rx3m drift chambers. The toroid spec- 7 or K decays in the hadron shower, charged curf@®)
trometer consists of four stations of drift chambers separatedharm production, where the primary muon is not recon-
by iron toroid magnets. Precision hadron and muon calibrastructed or the charm quark is produced viacdnteraction,
tion beams monitored the calorimeter and spectrometer pegng neutral currentNC) cc pair production. Single charm
formance throughout the course of data taking. The calorlmtc production and NCoc pair production background

eter gchieves a sampling-dominated hadronic energy | ces produce broad peaks at highs and must be
resolution ofoe, , \/Eap=2.4%®87%/VEyap, and anab-  pongieqd with care. Table | gives the fractional contribution

solute scale uncertainty GfE;ap/Eap=0.5%. The spec- of each background component, both withyg@s cut and
trometer’s multiple Coulomb scattering dominated muon enyjithout. The relatively large beam impurity background con-
ergy resolution isrg /E,=11%, and the muon momentum sists of contributions from hadron@ncluding charm that
scale is known to beSE,/E,=1.0%. With the selection decay before the sign-selecting dipoles in the SSQT, neutral
criteria used in this analysis, the muon charge miskaon decays, muon decays, decay of hadrons produced by
identification probability in the spectrometer isxA0 °.  secondary interactions in the SS@craping, and from de-
This latter rate is confirmed by measurement with the muortay of wrong-sign pions produced in kaon decays. Table Il
calibration beam. summarizes the relative contributions of each beam source.
A completeGEANT [21] simulation of the SSQT is used to
. ANALYSIS PROCEDURE model beam impurities. This simulation uses Malensek’s
[22,23 parametrization for hadron production from the pri-
mary target. Scraping contributions are modeledBgISHA
The analysis technique consists of comparing the distribuf24]. Production ofK? is handled by extending Malensek’s
tions of yy;s=Eyap/(Enapt E,), measured in the, and  charged kaon parametrizations using the quark counting re-
v, wrong sign muor\WSM) data samples, to a Monte Carlo lation KP=(3K™+K*)/4. Charm production is param-
(MC) simulation containing all known conventional WSM etrized using available data from 800 GeV proton beams
sources and a possible FCNC signal. The FCNC signal peakg5,28. GEANT properly handles cascade decays, such as
at highyy,s because the decay muon from the heavy flavoK™ — 77 7" 7" —>u v, (v,) and 7 —u v, (v,), pn”
hadron is usually much less energetic than the hadron energy, g~ v,(v,)ve(ve). The NuTeV detector is likewise mod-
produced in the NC interaction. The largest backgroundsgled with aceaNT-based hit-level MC simulation. Wrong-
from beam impurities, are concentrated at pysin », and  sign muons generated from the flux simulation are propa-
are distributed evenly across,s in v, mode due to the gated through the detector MC and then reconstructed using
respective (+y)? and uniform-iny characteristics of the the same package that is used for data reconstruction. A fast
CC interactions of wrong-flavor beam backgrounds. parametric MC is also used to compare the high statistics

B. Source and background simulations

A. Introduction and data selection
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TABLE |. Percentage of WSM'’s from each source in a given mode for both with and withowt,tge

cut.
Source v-mode(%) ‘v-mode(%) v-mode(%) ‘v-mode(%)
(all yyis) (@l yyis) (Yvis>0.5) (Yvis>0.5)
Beam impurity 67 32 64
Charged current charm 19 46 24
Charge misidentification 5 5 4 3
Neutral current charm 5 11 5
Neutral currentr/K decay 2 1 5 2
Charged currentr/K decay 1 1 2 2

right-sign flux simulation to data im, andv, . These com-
parisons showed that the SSQT dipoles required a downwart
shift of —2.5% from their nominal values. The right-sign
comparisons after these shifts are shown in Fig. 1, and indi-

cate agreement between predicted flux and data at roughl®%® -

the 2% level.
The high density target-calorimeter suppresses WSM con

tributions from#/K decay in the hadron shower; their con- 4% -

tribution is estimated from a previous measurement of
p-production in hadron showers using the same detectol

[27]. The small charge mis-identification contribution is es- 3000 |

timated by passing a large sample of simulated events
through the full detector MC and event reconstruction.

After impurities, the next largest WSM source comes 2000

from CC production of charm, in which the charm quark
decays semi-muonicallydimuon, and its decay muon is

picked up in the spectrometer while the primary lepton is 1000 I

either an electron or a muon which exits from or ranges out
in the calorimeter. The, beam fraction is 1.9(1.3)% im

(v)-mode, and 22% of the CC charm events which pass °
WSM cuts originate from a.. The CC charm background (a)
is simulated using a leading-order QCD charm production
model with production, fragmentation, and charm decay pa-

rameters tuned on neutrino dimuon data collected by NuTe\!#0® r

[28] and a previous experiment using the same deté2&r

Overall normalization of the source is obtained from the ., [

measured charm-to-total CC cross section ratio and the
single muon right-sign data sample. Simulated dimuon

events are passed through the faiANT simulation of the 19000 r

detector. Figure 2 provides a check of the modeling of this

source through a comparison of the distribution ydfig 8000 -

TABLE II. The percentage of beam impurities due to a given
source in each mode.

v-mode v-mode s000 |

E,>?20 GeV E,>20 GeV
scraping 53% 24% 2000
charm 10% 25%
KO 12% 16%
other prompt 9% 22% (b)
muon decay 11% 11%
K—m—u 5% 2%
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—EHAD/(EHAD+E 2), WhereE ,; is the energy of the WSM
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do( v,Uu— VMC;CH,U.-F)
dédy

2 (1-y)(1—xy/§)

1-y+xylé
do( V#d—>,LL70;C—>,u+)
dédy

Vo cos B+ sir? B

4

HereV.q4 is thec—d CKM matrix elementV,.! represents

a possibleu— c coupling, sik B gives the fraction of right-
handed coupling of the quark to the FCNCy is the inelas-
ticity, and é=x(1+ mﬁ/Qz) is the fraction of the nucleon’s
momentum carried by the struckquark, withx the Bjorken
scaling variableQ? the squared momentum transfer, and

the effective charm quark mass. The-c charged current
cross sectiordcr(v#d—>vﬂc;c—>,u+)/d§dy is measured in

the same experimei28,29. Since theu andd quark distri-
butions are identical in an isoscalar target, the FCNC cross
section should experience the same charm mass suppression
as the analogous CC charm production. Fragmentation of
subsequent semi-muonic decays of charmed mesons should
also be identical for FCNC and CC-charm production. One

in the event, between data’and MC for dimuon events, inherefore expects the extract¥g. to have little model de-
which both muons are reconstructed by the spectrometependence.

This distribution should closely mimic the expected back-

ground to theyy,s distribution in the WSM sample. A?

For FCNC bottom production, there is as yet no measured
CC analog final state. Therefore, the explicit LO QCD cross

comparison test between data and model yields a value of 1€ction,

for 17 degrees of freedom.

Flnally, NC cc production produces a WSM when the

c(c) decays semi-muonically imv (v ) mode. An excess do(v,N—v bX)

over other sources at highg |nd|cates that this source is

present in the data; its analy4i30] will appear in a forth- dg’dy

coming publication. For the FCNC search, NC charm pro-

duction is simulated at production levels byZ&gluon fu- ) 5

sion model [31] with charm mass parameten,=1.70 _ GEME|Vy

+0.19 GeVEt?, taken from a next-to-leading ordéNLO) B T

QCD analysis of CC charm productig@9], and using the , o,

1994 Glick-Reya-Vogt(GRV94) higher order(HO) [32] X[cog B'(1—y)(1—xyl/§)+ sinf B'(1—y+xyl§)]
gluon parton distribution functiofPDF. The NLO charm % (U(¢',Q?) +d(£',02), ®)

mass is used because it is influenced in part by contributions
from W-gluon fusion diagrams similar to th&°-gluon pro-

cess. Note that the used valuerof is larger than that ob- . . .
tained in leading ordefLO) analyses of CC charm produc- whereM is the nucleon mass aridlis the neut'rlno energy,

tion. This choice tends to reduce the NC charm contributiojjlnd must be convolved _Wlttbrquark fragmentatlon. functpns
to the WSM sample and results in more conservative limitd®" Mesons of typd; (D) andB; meson decay distribution

on FCNC production. The NC charm quarks are l‘ragmentetflmfltlonS (\) multiplied by appropriate branching fractions
and decayed using procedures adapted from the CC chartfg) to yield a WSM cross section:

simulation, and the resulting WSM events are then simulated

with the full MC.

We use the notatiol ., V4, andVgy in simple analogy to the
CKM matrix in order to compare our results to those from FCNC
decay searches. We do not assume any constraints exist for this
FCNC CKM-like matrix. In our notation, the FCNC left and right-

The neutrino FCNQ — c cross section can be parameter- handed couplings for charms arg?=|V,/?co$8 and g3
ized to LO in QCD as =|V,d?sir? B.

IV. RESULTS AND INTERPRETATION
A. FCNC production
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8 —— data lenced-quark PDF at the cost of reduced acceptance for the

= . ] —— BKGD softer c-decay muon. A similar expression holds for FCNC

~ | |t 1 - FCNC s—b transitions with the replacementsu(¢’,Q?)

g0 T db-L +d(¢,0%)—2s(£,Q%),  |Vod*—[Vud? and sifp’

¢ vear —sirt g

e Production cross sections for bottr and b- FCNC
sources are computed from the 1994  &HReya-Vogt
(GRV9Y) leading order(LO) PDF set[32] for several

choices of right-left coupling admixtures. Acceptance for a
charm FCNC-WSM signal is calculated using a
fragmentation-decay model tuned to NuTeV and CCFR
dimuon datd 28]. For FCNC-WSM fromb-quarks, fragmen-
tation and decays are handled with the Lund string fragmen-
tation model[33]. Detector response is simulated with the
full hit-level MC.

B. Fits to data

Binned likelihood fits are performed to thg),g distribu-
tions of the data using a model consisting of all conventional
WSM sources described above as well as an FCNC source.
The fit varies the level, but not the shape, of the FCNC signal
contribution. The NC charm contribution is also varied in
shape and level by allowing, to float within its errors. The
three FCNC sourcesu(-c, d—b, ands—b) are treated
separately. Only neutrino data is used for the c, but both
modes are used for FCNC bottom production to exploit the
possibility of cascade decays to charm. A series of fits is
performed for each FCNC source, corresponding to different
mixtures of right and left-handed FCNC couplings to the
quarks; a typical result is shown in Fig. 3.

In all cases, the signal for FCNC is within2.0 o of zero,
and limits are set accordingly. Since Gaussian statistics ap-
ply, the 90% confidence level upper limit is set by adding
1.64 o to the best-fit value if the best-fit value is positive, or

TABLE lll. Results of the FCNC fits.

0.5 0.6 0.7 0.8 0.9 1 Transition  sid g % Limit
(b) Yvis

u—c 0.0 (1.1x1.5+0.5)x10 3 3.7x10°3
FIG. 3. Comparison ofyy,g distributions of data(pluses to 0.10 (1.26£1.7+0.9)x 10 3 4.4X10°3
predictions of all standard model sources of WSK&slid) and the 0.35 (1.652.2+2.6)x 1073 7.2% 1073
FCNC_: signal (dashed _(g) is neutrino_ que, whilglb) is anti- 065 (2.5-3.6-5.4)x 103 13.1x 103
neutrino mode. In addition, the contributions from beédotted 0.90 (4.1-7.9+7.9)x 102 22 4% 103
and charged current charfdot-dasheglare shown. 1.00 (4.4-13.7+8.7)x 103 34.5¢10°3
o d—b 0.00 (0.3:1.3+0.7)x 10 2 2.7x10°3
do(v,N—v,b;b—u™) 0.10 (—0.15+1.2+0.7)x 103 2.3x10°3
dé'dy 0.35 (-1.2+1.2+0.7)x10° 2 2.2x10°3
0.65 (—1.6+0.90+0.6)x 10 3 1.8x10°3
do‘(VMN—n/MHX)@FiBDib@AiB 0.90 (—1.4+0.79+0.6)x 1072 1.6x10°3
ZZi de'd . (® 1.00  (-1.3+0.68:0.6)x10°°  1.5x10°3
y s—b 00  (-17.3+17.3+351)x10°3  29x10°3
0.10 (—13.6+6.6+3.3)x 103 12x1073
The struck quark momentum fractiagfi becomest’=x(1 0.35 (—3.6+1.9+2.7)x10° 2 5.4x107°8
+mZ/Q?), with my=4.8 GeVk? the effective b-quark 0.65 (-1.9%1.0£2.0)x10°3 3.7x10°8
mass. It is also possible for FCNproduction to form a 0.90 (-1.4£0.7£1.5)x 1073 2.7x1073
WSM muon signal through the cascatiesc— u*. This 1.00 (-1.3:0.7£1.2)x 1073 2.3x10°3

mode offers the advantages of the larger and highea-
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TABLE IV. Table of systematic errors on FCNC results. “L” refers to pure left-handed coupling gsi®), while “R” refers to pure
right-handed coupling (sf3=1).

Transition Coupling Dimuon rejection Dimuon normalization Energy Beam Total
u—c L 0.30x 103 0.32x10°% 0.23x10°° 0.01x10°2 0.50x 102
u—c R 8.08x10°° 3.22x10°° 0.24x10°8 0.02x10°2 8.70x 102
d—b L 0.36x 103 0.22x10°3 0.51x 102 0.14x10°° 0.68<10°°
d—b R 0.25< 1073 0.10x10°3 0.04x 102 0.55x 102 0.61x10°°
s—b L 2.37x10°3 0.21x 1078 0.91x10°° 2.42x10°° 3.51x10°°
s—b R 1.08x10°° 0.06x10°° 0.20x 102 0.54x 1073 1.22x10°8

1.64 o to zero if the best fit is negative. Here,consists of

2 2
the statistical error from the fit added in quadrature to the BF(D°—>|*I)=2‘

m;
—BF(D—utr,), (7
m,

Vue

estimated systematic error described in the next section. Ves
Table Ill summarizes the fit results. 5
V
_ BE(D*—atl1*17)=|——=| BF(D"—a"1"y), (8)
C. Systematic errors Vg

2

The dominant systematic errors result from modeling the
= BF(DE— 7t ). (9)

rejection of CC charm events, and the overall normalization BF(D$ —K*1*17)= Vie
of CC charm events. Estimates of systematic uncertainties Ves
are obtained by varying t_hg event selection procedure as we'ljor estimates oF/y, and V., from B decays, it is assumed
as parameters characterizing the detector response and ph}’ﬁét

ics models. Errors are assumed to be independent.

Charged current charm events are removed by requiring v
that exactly one track be found and reconstructed by the BF(BO*)|+|_):2E
NuTeV tracking software. Another independent way to re- Vub
move dimuons is to use calorimeter information. The stop
parameter is the first of three consecutive counters down-
stream of the interaction, each with less than 1.5 MIPs. The
stop cut requires that the distance between the interaction
and the stop counter be less than 15 counters. Replacing the
tracking cut with the stop cut gives the systematic errors BF(BQH|+|_):2
listed in Table IV.

The next largest systematic error is due to the normaliza-
tion of CC charm events. Normalization of these events is BF(B*—K*I*I)= Vbs
obtained from the right-sign muon CC sample. One can also Vep
normalize CC charm events with only one reconstructed .
track to those with both tracks found. These normalizationdieasured value$34-38 are used for the branching frac-
disagree by 3%, resulting in the systematic errors listed if!ons on the right hand side except for the leptonic decay
Table IV. Systematic errors due to the beam content an§ —u v, for which it is assumed that

detector calibrationenergy are usually smaller, and their + b 5 2
values are given in Table IV. BF(B"—u"v,)=22<10 "(1g/200 MeV)", (14

2

my
— BF(B*—u*v,), (10
m,

Vv
BF(B* 1717 )=|—2

2
BF(B’— 71Ty, (11
Vub

2
Vbs

Vub

m;
—BF(B*—u*v,), (12
m,

2
BF(B"—D% " p)). (13

_ o with fg=200 MeV, theB decay constant.
D. Comparison to limits from decays Table V summarizes the limits ofV,|?, |Vpg?, and
. . . 2 H
For comparison purposes, the following expressions aréVsnl~ from meson decays. We note that our overall limits
used to relate FCNC heavy flavor meson decay branchin§om neutrino scattering, which would approximately corre-
fractions BF) to the parameteY.: spond to decay searches of the tydes-v,v,X and B

TABLE V. Limits on FCNC couplings from meson decay searches, W= |V |2, [Vqpl?, orF |Vp/?,
as appropriate. Equatiorg)—(13) relate branching fractionBF) limits to the|V|? limits in the table.

FCNC BF Allowed [V|? Limit with

decay limit decay limit BR error Reference
D —m u u” n1.7x10°° D=y 2.3x1074 2.7X1074 [35]
B*—m eTe” 3.9x10°3 B— 701 1.6x10°° 2.1x10°3 [18]
B*—K*eTe*® 3.9x10°° B°— DOy, 2.4x10°° 2.1x10°° [37]
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_)Vﬂ;l/ux’ are genera”y weaker than the decay search |imitsi_nteracti0ns, and we set limits on the effective miXing ele-
our result forVy, is competitive, and we have effectively ments|Vy?, [Vyd?, and|Vy,4* at the 10°° level.
added new modes to the search that do not depend on spe-
cific mechanisms for heavy meson decay.
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