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Abstract

ORKA is a proposed experiment to measure the K* — 7*vvy branching ratio with 5% precision using the Fermilab
Main Injector high intensity proton source. The detector design is based on the BNL E787/E949 experiments, which
detected seven K* — 7" vv candidate events. Two orders of magnitude improvement in sensitivity relative to the BNL
experiments comes from enhancements to the kaon beam line and the detector acceptance. Precise measurement of
the K* — n*vv branching ratio with the same level of uncertainty as the well-understood Standard Model prediction
allows for sensitivity to new physics at and beyond the LHC mass scale.
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1. Introduction

Precision measurements of ultra-rare kaon decay
branching ratios provide a window into potential new
physics that is complementary to that of direct searches
at the energy frontier. Virtual effects in K* — 7*vv loop
diagrams allow us to learn about the flavor- and CP-
violating couplings of any new particles that may be
discovered at the LHC, and to potentially observe the
effects of new particles with masses higher than those
accessible by the LHC. The K* — 7*v¥ branching ratio
is theoretically well-understood. The technique to mea-
sure the branching ratio experimentally, though chal-
lenging, is well-established, and, because seven candi-
date K™ — n"vv events have already been seen, a large
signal is assured. For these reasons, precision measure-
ment of the K™ — n*v¥ branching ratio is an ideal op-
portunity to test the Standard Model and search for new
physics beyond the Standard Model.
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The ORKA collaboration proposes to build a
stopped-kaon experiment to measure the K* — ntvy
branching ratio with the same uncertainty as the Stan-
dard Model prediction, using protons from the Main In-
jector at FNAL. The ORKA experiment is the primary
topic of this presentation. Section 2 describes the sta-
tus of the Standard Model calculation of the K™ — ntvy
branching ratio, and the potential for new physics to af-
fect that branching ratio. The experimental history and
current status of the K* — n*vy branching ratio mea-
surement are described in 3. Section 4 describes the
BNL E787/E949 experiments on which the ORKA de-
sign is based, plans to dramatically improve on the sen-
sitivity of these experiments with ORKA, and the cur-
rent status of the ORKA experiment. Section 5 is a brief
summary.

2. K* — n*vv in the Standard Model and Beyond

The branching ratio of the ultra-rare K* — nvv de-
cay is theoretically well-understood. The one-loop di-
agrams for the s — d transition are shown in Fig. 1.
The calculation is dominated by the top-quark contri-
bution while the charm-quark contribution is significant



/ Nuclear Physics B Proceedings Supplement 00 (2012) 1-6 2

Figure 1: One-loop diagrams for K — nvv decay.

but controlled. The hadronic matrix element in the ex-
pression for the K* — ntvy decay rate is shared with
that of the K* — n%*v, decay, which allows for reli-
able normalization. The current Standard Model (SM)
prediction is

Bsy(K* - ntvp) = (7.8 £ 0.8) x 1071[1]. (1)

The ~10% error on Eq. 1 makes it one of the most pre-
cisely predicted flavor-changing-neutral-current decays
involving quarks. This error is dominated by uncertain-
ties in the CKM matrix; in the near future, improve-
ments to the theory and measurements of the CKM el-
ements are expected to reduce the error by a factor of
two. Therefore, a deviation of the measured decay rate
from the SM prediction as small as 30% could be de-
tected with 5o significance if the measurement preci-
sion matched the theoretical uncertainty.

Many models of new physics predict significant en-
hancements to the Standard Model branching ratios of
K* — n*vvand K, — n%¥. This is illustrated in Fig. 2,
which shows the range of branching ratio predictions for
minimal flavor violation (MFV), Littlest Higgs with T
parity (LHT)[2], Randall-Sundrum with custodial pro-
tection (RSc)[3], and four quark generations (SM4)[4].
It is interesting to note that tighter constraints on non-
SM effects for K; — n°v# may be imposed by direct
CP violation (¢’/€), so that less than a factor of two en-
hancement in this branching ratio would be allowed[5].
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Figure 2: Figure courtesy of D.M. Straub[6]. Correlation between the
branching ratios of K;, — 7%v7and K* — % v¥ in minimal flavor vio-
lation (MFV), and three concrete new physics models: Littlest Higgs
with T parity (LHT)[2], Randall-Sundrum with custodial protection
(RSc)[3], and four quark generations (SM4)[4]. The shaded area is
ruled out experimentally at the 1-0 level or model-independently by
the Grossman-Nir bound[7]. The Standard Model point is marked by
a star, and the central value of the BNL E787/E949 result[8] is indi-
cated by the solid, vertical line.

3. K* - n*vv Experimental History and Status

The first upper limit on the K* — 7*vv branching ra-
tio was set by a heavy-liquid bubble chamber experi-
ment in 1969[9]. The first K* — ntvv event was seen
at BNL by E787[10] in 1997. BNL E949 represented a
significant upgrade from BNL E787, but E949 collected
data for just 20% of its scheduled run before funding
was discontinued, so only four additional events were
found. The best branching ratio measurement,

B(K* — m*vy) = (17.3%153) x 10711[8], 2)

is a combined result based on the seven events observed
by the BNL E787 and E949 experiments. The central
value of the measured branching ratio is a factor of ~2
higher than that of the Standard Model prediction, but
the measurement and prediction are statistically consis-
tent.

All K* — n*vy experiments to date have used
stopped kaons. The NA-62[11] experiment at CERN,
currently under construction, will use a complementary
decay-in-flight technique. In contrast to the stopped-
kaon experiments, which have greater sensitivity at high
¥ momenta, the decay-in-flight technique is more sen-
sitive to K* — n*vv decays with lower 7t momenta.
NA-62 expects to see ~100 total K* — ntvv events at
the SM level and make a ~10% measurement of the
K* — m*yvy branching ratio.

ORKA is a proposed experiment to use the stopped-
kaon technique and the FNAL Main Injector to detect
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~1000 K* — #n*vvy decays and make a ~5% measure-
ment of the K* — n*vy branching ratio. The following
section describes the stopped-kaon technique and the
proposed ORKA experiment.

4. The ORKA Experiment

ORKA is a proposed experiment that will use protons
from the Main Injector (MI) at FNAL and will build on
the proven BNL E949 detector design to measure the
K* — m*yvy branching ratio with ~5% precision. Sec-
tion 4.1 provides some details on the stopped-kaon tech-
nique and analysis of the BNL E787/E949 data. Plans to
significantly improve on the sensitivity of the BNL ex-
periments at ORKA are described in Sect. 4.2. Section
4.3 describes the breadth of physics measurements that
may be made using the ORKA experiment. The status
of the ORKA experiment is described in Sect. 4.4.

4.1. Stopped-Kaon Technique in BNL E787/E949

The ORKA detector design will be based on that of
BNL E949, a schematic of which is shown in Fig. 3.
Stopped K* particles are identified and decay at rest
in the stopping target. The momentum of the 7* from
K* — n*vv decay is analyzed in the drift chamber. The
n* stops in the range stack where its range and energy
are measured and its decay products (m1 — y — e) are
detected. A STRAW chamber in the range stack pro-
vides additional information on the 7* position. An ex-
tensive veto system provides 4z photon veto coverage.
The entire detector is immersed in a I T solenoidal mag-
netic field along the beam direction.

Measurement of the K* — n*vv branching ratio at
the 10719 level is challenging because the signal, con-
sisting only of the (m — u — e) decay chain, is poorly
defined and the background, primarily from K* decays
with branching ratios as much as ten orders of magni-
tude larger than K* — 7*vv decay, is large and difficult
to distinguish from the signal. The charged momentum
spectra of the K* — n*vv signal and important K* de-
cay background sources are shown in Fig. 4. To sup-
press these backgrounds to a sufficiently low level, the
detector must have excellent 7" particle identification to
reject background from K* — u*v, and K* — p*v,yy
decays, highly efficient 47 solid-angle photon veto cov-
erage to reject background from K* — n*n° decays,
and a K* identification system to remove beam-related
background.

Figure 4 also shows two kinematic regions that can be
used to search for K™ — n*vv decay in the data; these
regions are chosen to avoid background. In the PNNI1
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Figure 3: Schematic side (a) and end (b) views of the upper half of
the BNL E949 detector. An incoming K™ traverses all the beam in-
struments, stops, and decays. The outgoing 7" and one photon from

79 — yy are also shown.

030 foke
AT ey (000041

a'nnt (0.056)

aa'n (0.018)

Arbitrary units

25 50 75 100 125 150 175 200 225

Momentum (MeV/c)

Figure 4: #* (or u*) momentum distributions for several K* decay
modes. The respective branching ratios are shown in parentheses. The
signal regions used for the E787 and E949 K* — n*yy branching ratio
analyses (PNN1 and PNN2) are indicated.
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Figure 5: Range in plastic scintillator vs. momentum for charged par-
ticles accepted by the K* — n*vy PNNI trigger. The concentrations
of events resulting from two-body decays are labeled “Ky, peak” and
“Ku2 peak.” The decays K* — nou“’vﬂ and K* — u*v,y contribute
to the muon band. The pion band results from K* — 7*7% decay
in which the 7t scatters in the target or range stack and beam 7t that
scatter in the target.

region, the 7 momentum lies between the 7+ momen-
tum from K* — 77 7° decay and the n* kinematic limit
of 227 MeV/c. The ™ momentum from K* — u*v, de-
cay lies above the 7" kinematic limit. In the PNN?2 re-
gion, the 7 momentum is below that from K* — xtn°
decay, but analysis of this region is complicated by hav-
ing additional sources of background from three-body
decays of the K*. Beam related background, in which a
K" decays in flight, a beam n* scatters in the stopping
target, or a K* undergoes charge exchange, must also be
considered.

Figure 5 shows the range vs. momentum of the
charged particle for all events passing the PNN1 trigger.
Background from K* — atnl, Kt — vy, various 3-
body decays, and scattered pions are identified.

Data from BNL E787/E949 are shown in Fig. 6. Data
in the PNN1 and PNN2 regions were analyzed sepa-
rately. The analysis was done using a blind signal re-
gion. The final background estimates were obtained
from different data samples than were used to determine
the selection criteria, using 2/3 and 1/3 of the data re-
spectively. The background was evaluated based on in-
formation from outside the signal region using two un-
correlated cuts; Fig. 7 illustrates this technique. The
expected number of background events was << 1 in
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Figure 6: Range vs. kinetic energy for events satisfying all other se-
lection criteria in BNL E787/E949. The two signal regions, PNN1
and PNN2, are shown by the dashed line (E787) and the solid line
(E949). Events near E = 108 MeV are background from K* — a0
decays which are not removed by photon veto requirements. The light
points represent the expected distribution of K* — n*vv events from
simulation.

PNNI and ~1 in PNN2. As seen in Fig. 6, a total of
seven K™ — ntvv events were identified.

4.2. ORKA Sensitivity

The ORKA experiment will have a sensitivity ~ 100
times that of BNL E949. Changes to the beam line will
provide one factor of 10, while increases in detector ac-
ceptance provide the other order of magnitude.

The ORKA experiment intends to extract a 95-GeV
beam from the MI ring onto a production target, select
a 600-MeV/c K* beam from that target, and bring the
kaons to rest at the center of the detector. The FNAL
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Figure 7: Pictorial explanation of the bifurcation method. If CUT1
and CUT?2 are uncorrelated, the background level in region A can be
estimated from the observed number of events in the other regions.
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Figure 8: Elevation view of the proposed ORKA detector. The beam
enters from the left.

MI provides ~25% fewer protons per spill than the BNL
beam. However, ORKA’s kaon beam line provides a
factor of >4 times the number of kaons per proton from
a longer target, increased angular acceptance, and in-
creased momentum acceptance. The beam line design
also allows a 40% increase in the fraction of kaons that
survive until the stopping target and an additional factor
of 2.6 in the fraction of kaons that come to rest in the
stopping target. The detector will operate at a higher in-
stantaneous rate, which leads to ~10% more losses from
vetoed events. Overall, the ORKA beam line will pro-
vide ten times more K* — n*vv events than BNL E949.

The ORKA detector, shown in Fig. 8, will have a
factor of ten greater acceptance than the BNL E949 de-
tector. Most of the increases in acceptance are incre-
mental; a variety of improvements to the detector de-
sign each provide acceptance increases of 6-60%. The
largest change in acceptance is a factor of 2.2 increase
in the (1 — u — e) acceptance, which is the result of
several features of the ORKA detector. The ORKA
range stack has increased segmentation relative to the
range stack in BNL E949; this will reduce losses from
accidental activity and improve 7r/u particle identifica-
tion. ORKA will use higher quantum efficiency photo-
detectors and/or better optical coupling to increase the
scintillator light yield, which will improve y identifica-
tion. ORKA will also employ a modern, deadtime-less
DAQ and trigger so that losses from online 7/u particle
identification will be eliminated. The irreducible losses
to K* — n*vy acceptance are from necessary cuts on
the measured 7t and u* lifetimes and from u* and e*
particles that do not deposit enough energy to be de-
tected. In the PNNI1 region, the (x — u — e) accep-
tance in ORKA is estimated to be ~78%.

The ORKA experiment will detect ~210 K* — 7*vy
events per year at the Standard Model level. Figure 9
shows the fractional error on the K* — n*v¥ branch-
ing ratio as a function of running time. ORKA expects
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Figure 9: The fractional uncertainty in the ORKA measurement of
the K* — n*vv branching ratio as a function of running time. The
solid (dashed) curve is the sensitivity assuming no (10%) background
uncertainty. The flat dashed line is the uncertainty in the theoretical
prediction of the K* — n*v¥ branching ratio, excluding uncertainties
in the CKM matrix elements.

to reach the projected theoretical uncertainty on the
K* — n*yvy branching ratio after taking data for about
five years.

4.3. Physics Breadth in ORKA

The ORKA detector is highly optimized for detec-
tion of K* — n*vv decay; the signal for this decay is
basically K* — n* plus missing energy. In the case
of K* — n*vv decay, the missing energy is neutrinos,
but other forms of missing energy can be sought by ob-
serving the shape of the 7 spectrum. For this reason,
ORKA will have sensitivity to many modes of consid-
erable interest. It is also true that a very large number
of stopped kaons will decay in the ORKA detector. The
sheer volume of data may facilitate measurements even
in decay modes for which the detector is not optimized.

One possible source of missing energy is the case in
which a single unseen particle recoils from the 7*. In
this case, the 7" spectrum is a peak and its width is de-
termined by the detector resolution. Theoretical models
exist in which the X° is a familon[12], an axion[13],
a light scalar pseudo-Nambu Goldstone boson[14], a
sgoldstino[15], a gauge boson corresponding to a new
U(1) gauge symmetry[16, 17], or a light dark-matter
candidate[18, 19, 20]. Figure 10 shows the K* — l39.&
branching ratio upper limits from BNL E787/E949.

ORKA will have sensitivity to many other interesting
decay modes. These include: K* — 710y, KT —
Y, K™ = M Vieawy, K* = 1tyy, 1° > v, and 7° —
yX°. There are other possible searches, such as K+ —
T Y darks Ydark — €€~ , for which the ORKA detector is
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Figure 10: The BNL E787/949 90% C.L. upper limits on the K* —
7+ XY branching ratio assuming the X° is stable (solid lines) and as-
suming the X© lifetimes indicated in the figure (dashed lines)[8].

not optimized, but might still have significant sensitivity
because of the large numbers of stopped kaon decays.

ORKA will also be able to make precise measure-
ments of important kaon branching ratios and funda-
mental parameters. Ry = [(K* — e*v,)/T(KY —
#*v,) has been measured to 0.4% by NA-62[11].
ORKA will be able to measure this ratio with ~0.1%
statistical precision; study of the expected systematic
uncertainty is still needed. Other fundamental kaon
measurements accessible to ORKA include the K™ life-
time and the B(K* — n*7%)/B(K* — u*v,) ratio.

4.4. Status of ORKA

The ORKA collaboration submitted a proposal[21]
to FNAL in November 2011. The experiment has the
strong support of the FNAL PAC and received Stage 1
approval from the FNAL directorate in December 201 1.
The preferred site for the experiment is B0, so that
ORKA can re-use the CDF solenoid, cryogenics, and
infrastructure. The ORKA detector is being designed to
fit inside the CDF solenoid. Planning and design efforts
are underway to decommission CDF in a way that fa-
cilitates eventual use of CDF hall by ORKA,; this effort
is being funded in the FY13 FNAL budget. Plans are
being made and beam-line elements are being identified
for a beam line to transport protons from the Main In-
jector extraction point to BO in the Tevatron tunnel. A
preliminary design for the kaon beam line from the pro-
duction target to the detector has been simulated and is
being refined. Research and development on detector

design has begun. The collaboration, currently consist-
ing of 16 institutions from six countries, is seeking addi-
tional members. Because ORKA is a fourth generation
detector, building on experience from BNL E787/E949,
an aggressive construction schedule is thought possible.
The collaboration plans to start ORKA construction in
spring of 2014 and begin taking data by 2017.

5. Summary

Precision measurement of the K* — n*vv branching
ratio is an opportunity to search for the effects of new
physics at and beyond the mass scale accessible by di-
rect searches. The ORKA experiment will use proven
accelerator technology, detector technology, and experi-
mental techniques to measure the K* — 7t vy branching
ratio with an uncertainty of ~5%, allowing 5o-level de-
tection of deviations from the Standard Model as small
as 30%. The ORKA experiment will make use of pro-
tons from the FNAL Main Injector and will likely be
sited at BO. The ORKA collaboration has the support of
the FNAL PAC and the FNAL directorate. The collab-
oration expects to begin construction of ORKA in 2014
and begin collecting K™ — n*vv decays in 2017.
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