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ORKA: The Golden Kaon Experiment 

•  Precision	
  measurement	
  of	
  the	
  branching	
  raDo	
  for	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
K+→π+νν, with	
  ~1000	
  event	
  Standard	
  Model	
  sensiDvity	
  
•  aim	
  for	
  5%	
  measurement	
  of	
  Branching	
  RaDo	
  

•  Located	
  at	
  FNAL	
  Main	
  Injector	
  
•  Expected	
  uncertainty	
  matches	
  theoreDcal	
  uncertainty	
  
from	
  the	
  Standard	
  Model	
  

•  SensiDvity	
  to	
  new	
  physics	
  at	
  and	
  beyond	
  LHC	
  mass	
  scale	
  
•  ContribuDons	
  of	
  >40%	
  to	
  BR(K+→π+νν)	
  sDll	
  possible	
  

•  Builds	
  on	
  successful	
  previous	
  experiments	
  (BNL	
  E787/
E949	
  –	
  7	
  events	
  already	
  seen)	
  

•  High	
  impact	
  measurement	
  
•  Modest	
  total	
  esDmated	
  cost:	
  $53M	
  (FY2010$)	
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Motivation 

•  Flavor	
  problem:	
  	
  
•  We	
  expect	
  new	
  physics	
  at	
  the	
  TeV	
  
scale	
  .	
  .	
  .	
  	
  

•  Why	
  don’t	
  we	
  see	
  this	
  new	
  physics	
  
affecDng	
  the	
  flavor	
  physics	
  we	
  study	
  
today?	
  

•  If	
  new	
  physics	
  found	
  at	
  LHC:	
  
•  Precision	
  flavor-­‐physics	
  experiments	
  
needed	
  to	
  explore	
  flavor-­‐	
  and	
  CP-­‐
violaDng	
  couplings	
  

•  If	
  no	
  new	
  physics	
  found	
  at	
  LHC:	
  
•  Precision	
  flavor-­‐physics	
  experiments	
  
needed	
  to	
  search	
  for	
  new	
  physics	
  
beyond	
  the	
  reach	
  of	
  the	
  LHC	
  through	
  
virtual	
  effects	
  

Flavor Physics: Pushing 
Beyond the LHC. 
Intensity Frontier 
Workshop 
Nima Arkani-Hamed 
(Princeton, IAS)  

>	
  non-higgs 

>	
  non-higgs 



4 Mike Hildreth – ICHEP 2012 

K+→π+νν in the Standard Model 

•  K+→π+νν	
  is	
  the	
  most	
  precisely	
  predicted	
  FCNC	
  decay	
  
involving	
  quarks	
  

•  	
  	
  

	
  

	
  
•  A	
  single	
  effecDve	
  operator:	
  	
  
•  Amplitude	
  dominated	
  by	
  top	
  quark	
  loop	
  

•  charm	
  significant,	
  but	
  controlled	
  

•  Hadronic	
  matrix	
  element	
  shared	
  with	
  K→πeν	
  (Ke3)	
  decay	


•  Dominant	
  uncertainty	
  from	
  CKM	
  elements	
  

•  expect	
  predicDon	
  to	
  improve	
  to	
  ~5%	
  

BSM K + ! ! +""( ) = 7.8± 0.8( )"10#11

sL! µdL( ) ! L!µ"L( )

Brod, Gorbahn, Stamou  PR D83, 034030 (2011) 
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CKM Matrix and Unitarity Triangle 

and using (3.8) the matrix element | Vtd |. The last factor in (3.12) describes small
departure of | Vts | from | Vcb |. The ! dependence in (3.12) can safely be neglected. In
this way Rt does not depend neither on mt nor on | Vcb |. Since it is easier to calculate
Rds than R0, formula (3.12) gives a much more reliable determination of Rt than (3.8)
provided xs has been measured.

3.3 The Rare Decay K+ → π+νν̄

The K+ → π+νν̄ branching ratio for one single neutrino flavor l (l = e, µ, τ) is given
by

BR(K+ → π+νν̄) =
α2BR(K+ → π0e+ν)

V 2
us2π2 sin4 θW

· | V ∗
csVcdX

l
NL + V ∗

tsVtdX(xt) |2 (3.13)

Summing over three neutrino flavors, using eqs. (2.11)–(2.13) and setting

α =
1

128
sin2 θW = 0.23 BR(K+ → π0e+ν) = 4.82 · 10−2 (3.14)

we obtain

BR(K+ → π+νν̄) = 4.64·10−11A4X2(xt)
1

σ

[
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P l
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A2X(xt)
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X l

NL

λ4
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)2

(3.16)

The function X(xt) is given as follow

X(xt) = ηX · X0(xt) (3.17)

X0(xt) =
x

8

[

−
2 + x

1 − x
+

3x − 6

(1 − x)2
ln x

]

with ηX = 0.985 (3.18)

where ηX is the NLO correction calculated in ref. [35] . For determining P l
0 given in

tab. 1 we take the NLO results for X l
NL of ref. [11]. Here mc ≡ mc(mc).

Table 1: Values of P l
0 for various ΛMS [MeV ] and mc [GeV ]

P e
0 P τ

0

ΛMS\mc 1.25 1.30 1.35 1.25 1.30 1.35

0.20 0.457 0.494 0.531 0.312 0.342 0.373
0.25 0.441 0.477 0.515 0.296 0.326 0.357
0.30 0.425 0.461 0.498 0.280 0.309 0.340
0.35 0.408 0.444 0.480 0.262 0.292 0.322
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Wolfenstein	
  ParametrizaDon:	
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with:	
  

e.g.:	
  Buras,	
  Lautenbacher,	
  Ostermaier,	
  Phys.	
  Rev.	
  D	
  50:3433	
  (1994)	
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KL !µ+µ"

Measurements	
  of	
  BR’s	
  for	
  
ultra-­‐rare	
  Kaon	
  decays	
  will	
  
allow	
  independent,	
  high-­‐
precision	
  tests	
  of	
  Unitarity	
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Sensitivity to New Physics 

D.M.	
  Straub,	
  CKM	
  2010	
  Workshop,	
  arXiv:1012.3893[hep-­‐ph]	
  	
  

Lisle	
  Higgs	
  with	
  T-­‐Parity	
  

Randall-­‐Sundrum	
  with	
  custodial	
  
protecDon	
  

4th	
  SequenDal	
  GeneraDon	
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Sensitivity to New Physics 

D.M.	
  Straub,	
  CKM	
  2010	
  Workshop,	
  arXiv:1012.3893[hep-­‐ph]	
  	
  

Lisle	
  Higgs	
  with	
  T-­‐Parity	
  

Randall-­‐Sundrum	
  with	
  custodial	
  
protecDon	
  

4th	
  SequenDal	
  GeneraDon	
  

HypotheDcal	
  
ORKA	
  
Measurement	
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Experimental History 

E787/E949	
  Final:	
  7	
  events	
  observed	
  
	
  
	
  
Standard	
  Model:	
  
	
  
	
  

B K + ! ! +""( ) =17.3"10.5+11.5 #10"11

B K + ! ! +""( ) = 7.8± 0.8( )"10#11

Energy (MeV)

R
an

ge
 (c

m
)

E787/E949
This analysis
E949-PNN1
E787-PNN2
E787-PNN1
Simulation

10

15

20

25

30

35

40

45

50 60 70 80 90 100 110 120 130 140 150

K + ! ! +""History	
  of	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Measurements	
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25 50 75 100 125 150 175 200 225

e+

(0.051)

e+  (0.000041)

(0.034)

 (0.018)

 (0.056)

(0.21) (0.64)

PNN1

PNN2

A
rb

itr
ar

y 
un

its
Difficult Measurement 

•  Observed	
  signal	
  is	
  	
  
K+→	
  π+→μ+→e+	
  

•  Background	
  more	
  than	
  1010	
  
larger	
  than	
  signal	
  

•  Requires	
  suppression	
  of	
  
background	
  well	
  below	
  expected	
  
signal	
  (S/N	
  ~10)	
  

•  Requires	
  π/μ/e	
  parDcle	
  ID	
  >	
  106	
  
•  Requires	
  π0	
  inefficiency	
  <	
  10-­‐6	
  

Momentum	
  spectra	
  of	
  charged	
  parDcles	
  
from	
  K+	
  decays	
  in	
  the	
  rest	
  frame	
  	
  

μ+ν	
  BR	
  
64%	
  π+π0	
  BR	
  

21%	
  

Momentum (MeV/c)!

K + ! ! +""
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BNL E787/E949  
Stopped Kaon Technique 

•  K+	
  detected	
  and	
  decays	
  at	
  rest	
  in	
  the	
  stopping	
  target	
  
•  Decay	
  π+	
  track	
  momentum	
  analyzed	
  in	
  driy	
  chamber	
  
•  Decay	
  π+	
  stops	
  in	
  range	
  stack,	
  range	
  and	
  energy	
  are	
  measured	
  
•  Range	
  Stack	
  Straw	
  Chamber	
  provides	
  addiDonal	
  π+	
  posiDon	
  
measurement	
  in	
  range	
  stack	
  

•  Barrel	
  veto	
  +	
  End	
  caps	
  +	
  Collar	
  provide	
  4π	
  photon	
  veto	
  coverage	
  	
  	
  	
  

Measure	
  
everything!	
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ORKA: 
a 4th generation detector 

Expect	
  ×100	
  sensiDvity	
  relaDve	
  to	
  BNL	
  experiment:	
  
×10	
  from	
  beam	
  and	
  ×10	
  from	
  detector	
  

•  	
  	
  

7 Spectrometer

The spectrometer proposed for ORKA is illustrated in Fig. 7.1. It will be an improved version of

the E949 detector (see Fig. B in Appendix B).

Figure 7.1: Elevation view of the proposed ORKA detector. The beam enters from the left, and

several key components are labeled.

Kaons will be stopped in a highly segmented active target and K+ → π+νν̄ events will be observed

by using a high-precision central drift chamber surrounded by segmented scintillation detectors for

measuring pion range, energy, and the π−µ−e decay sequence, and also an efficient 4π solid-angle

calorimeter for vetoing events accompanied by gamma rays. An existing solenoid magnet, such

as the CDF solenoid, run with a 1.25-T magnetic field will be used to allow a longer detector

with increased solid angle acceptance and improved momentum resolution. Other improvements

are anticipated, including 4× finer segmentation of the pion stopping-region ‘Range Stack’ (RS)

detectors. The photon veto detector will also be enhanced by using 23 radiation lengths compared

to 17.3 used in E949.

7.1 Magnet

The default plan is to use the CDF solenoid, although the CLEO solenoid is also well suited. The

field will be increased by 20–30% over E949 to 1.2–1.3 T, and the length of the Drift Chamber,

Range Stack and Barrel Veto can be extended in Z from 50 cm to 80 cm to increase the solid angle

acceptance of the detector and made to fit within either new magnet.

38
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Sensitivity Improvements: Beam 

•  Main	
  Injector	
  
•  95	
  GeV/c	
  protons	
  
•  50-­‐75	
  kW	
  of	
  slow-­‐extracted	
  beam	
  
•  48	
  ×	
  1012	
  protons	
  per	
  spill	
  
•  Duty	
  factor	
  of	
  ~45%	
  
•  #	
  of	
  protons/spill	
  (×0.74)	
  

•  Secondary	
  Beam	
  Line	
  
•  600	
  MeV/c	
  K+	
  parDcles	
  
•  Increased	
  number	
  of	
  kaons/proton	
  from	
  longer	
  target,	
  increased	
  
angular	
  acceptance,	
  increased	
  momentum	
  acceptance	
  (×4.3)	
  

•  Larger	
  kaon	
  survival	
  fracDon	
  (×1.4)	
  
•  Increased	
  fracDon	
  of	
  stopped	
  kaons	
  (×2.6)	
  

•  Increased	
  veto	
  losses	
  due	
  to	
  higher	
  instantaneous	
  rate	
  (×0.87)	
  

×10	
  
relaDve	
  to	
  E949	
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Component Acceptance factor
π µ e 2.24 ± 0.07
Deadtimeless DAQ 1.35
Larger solid angle 1.38
1.25-T B field 1.12 ± 0.05
Range stack segmentation 1.12 ± 0.06
Photon veto 1.65+0 .39

− 0.18
Improved target 1.06 ± 0.06
Macro-e!ciency 1.11 ± 0.07
Delayed coincidence 1.11 ± 0.05
Product (R acc ) 11.28+3 .25

− 2.22

×11	
  
relaDve	
  to	
  

E949	
  

Sensitivity Improvements: Acceptance 

→ → 
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π+→µ+→e+ Acceptance 

•  E949	
  PNN1	
  π+→μ+→e+	
  acceptance:	
  35%	
  
•  Improvements	
  to	
  increase	
  acceptance	
  relaDve	
  to	
  E949:	
  	
  

•  Increase	
  segmentaDon	
  in	
  range	
  stack	
  to	
  reduce	
  loss	
  from	
  
accidental	
  acDvity	
  and	
  improve	
  π/μ	
  parDcle	
  ID	
  

•  Increase	
  scinDllator	
  light	
  yield	
  by	
  using	
  higher	
  QE	
  photo-­‐detectors	
  
and/or	
  beser	
  opDcal	
  coupling	
  to	
  improve	
  μ	
  idenDficaDon	
  

•  DeadDme-­‐less	
  DAQ	
  and	
  trigger	
  so	
  online	
  π/μ	
  parDcle	
  ID	
  
unnecessary	
  

•  Irreducible	
  losses:	
  
Range	
   Acceptance	
  

Measured	
  π+	
  lifeDme	
   3-­‐105	
  ns	
   ~87%	
  

Measured	
  μ+	
  lifeDme	
  	
   0.1-­‐10	
  ns	
   ~95%	
  

μ+	
  escape	
   n/a	
   ~98%	
  

Undetectable	
  e+	
  	
   n/a	
   ~97%	
  

Total	
   ~78%	
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ORKA K+→π+νν Sensitivity 
Fr
ac
Do

na
l	
  E
rr
or
	
  o
n	
  
Br
an
ch
in
g	
  
Ra

Do
	
  

Running	
  Time	
  (years)	
  

210	
  events/year	
  (SM)	
  

5%	
  measurement	
  
in	
  5	
  years	
  

(projected)	
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KOTO	
  (K0→π0νν)	



•  Pencil	
  beam	
  decay-­‐in-­‐flight	
  
experiment	
  

•  Improved	
  J-­‐Parc	
  beam	
  line	
  
•  2nd	
  generaDon	
  
•  Expect	
  ~3	
  K0→π0νν	
  events	
  
(SM)	
  

•  Under	
  construcDon	
  

Worldwide Effort 

CERN	
  NA-­‐62	
  (K+→π+νν)	
  

	
  
	
  

•  Decay-­‐in-­‐flight	
  experiment	
  
•  Builds	
  on	
  NA-­‐31/NA-­‐48	
  
•  Expect	
  ~40	
  K+→π+νν	
  events	
  
per	
  year	
  (SM)	
  

•  Under	
  construcDon	
  
•  Complementary	
  measurement	
  
to	
  ORKA	
  
•  different	
  techniques,	
  systemaDcs	
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Other Physics Topics 

•  	
  	
  

Sensitivity and backgrounds

ORKA measurements & thesis topics

� K+ → π+νν̄(1) T ,P

� K+ → π+νν̄(2) T ,P

� K+ → π+νν̄γ

� K+ → π+X P

� K+ → π+χ̃0χ̃0(FF) P

� K+ → π+π0νν̄ T ,P

� K+ → π+π0X

� K+ → µ+νh (heavy neutrino) T

� K+ → µ+νM (M =majoran)

� K+ → µ+νν̄ν

� K+ → π+γ TP

� K+ → π+γγ P

� K+ → π+γγγ

� K+ → π+DP; DP → e+e−

� Γ(K+ → e+ν)/Γ(K+ → µ+ν)

� Γ(K+ → π+π0)/Γ(K+ → µ+ν)

� K+ lifetime

� K+ → π+π0e+e−

� K+ → π−µ+µ+ (LFV)

� π0 → nothing T ,P

� π0 → γDP; DP → e+e−

� π0 → γX
TE787/E949 Thesis ; PE787/E949 Publication; DP≡Dark Photon

David E. Jaffe (BNL) PXPS2012 18 June 2012 23 / 1
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Potential Sites 

•  B0	
  (CDF)	
  
•  Preferred	
  
•  Re-­‐use	
  CDF	
  
solenoid,	
  
cryogenics,	
  
infrastructure	
  	
  

•  Requires	
  new	
  beam	
  
line	
  from	
  A0-­‐B0	
  

•  Also	
  considering	
  
Meson	
  Detector	
  
Building	
  and	
  NM4	
  
(SeaQuest)	
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ORKA in the CDF Detector 

•  Full	
  ORKA	
  detector	
  payload	
  
fits	
  inside	
  of	
  CDF	
  solenoid	
  
•  longer	
  barrel	
  improves	
  
detector	
  acceptance	
  

	
  

Steve Kettell with the BNL-E949 
Central tracker (similar diameter 
to ORKA proposal) 
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Possible Schedule 
Milestone	
   Time	
  

Stage	
  One	
  Approval	
   Winter	
  2012	
  ✓	
  

DOE	
  Approval	
  of	
  Mission	
  Need	
  (CD-­‐0)	
   Fall	
  2012	
  

Beam/Detector	
  Design	
   2012-­‐2013	
  

DOE	
  Approval	
  of	
  Cost	
  Range	
  (CD-­‐1)	
   Early	
  2013	
  

DOE	
  Baseline	
  Review	
  (CD-­‐2)	
   End	
  of	
  2013	
  

Start	
  ConstrucDon	
  (CD-­‐3)	
   Spring	
  2014	
  

Begin	
  InstallaDon	
   Mid	
  2015	
  

First	
  Beam/Beam	
  Tests	
   End	
  of	
  2015	
  

Complete	
  InstallaDon	
   Mid	
  2016	
  

First	
  Data	
  (Start	
  OperaDons/CD-­‐4)	
   End	
  of	
  2016	
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Collaboration 

•  2	
  US	
  NaDonal	
  Labs,	
  5	
  US	
  UniversiDes	
  
•  16	
  InsDtuDons	
  spanning	
  6	
  countries:	
  Canada,	
  China,	
  Italy,	
  
Mexico,	
  Russia,	
  USA	
  

•  Leadership	
  from	
  successful	
  rare	
  kaon	
  decay	
  experiments	
  
•  Many	
  sub-­‐systems:	
  excellent	
  opportunity	
  for	
  universiDes	
  
•  New	
  collaborators	
  welcome!	
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•  High	
  precision	
  measurement	
  of	
  K+→π+νν	
  at	
  FNAL	
  MI	
  
•  Expect	
  ~1000	
  events	
  and	
  5%	
  BR	
  precision	
  with	
  5	
  years	
  of	
  data	
  
•  Discovery	
  potenDal	
  for	
  new	
  physics	
  at	
  and	
  above	
  LHC	
  mass	
  scale	
  
•  High	
  impact	
  measurement	
  with	
  4th	
  generaDon	
  detector	
  
•  Requires	
  modest	
  accelerator	
  improvements	
  and	
  no	
  civil	
  
construcDon	
  

•  Total	
  cost	
  $53M	
  (FY2010)	
  
•  ConstrucDon	
  by	
  2014,	
  data	
  by	
  2017	
  is	
  plausible	
  
•  ORKA	
  proposal:	
  	
  

•  hsp://projects-­‐docdb.fnal.gov/cgi-­‐bin/ShowDocument?docid=1365	
  

ORKA Summary 
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Extra	
  Slides	
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Comparison of ORKA and BNL E949 
E949 ORKA 

Pp (GeV/c) 21.5 95 

Duty Factor  (%) 41 44 

PK (MeV/c) 710 600 

Fraction of kaons that 
stop in target (%) 

 
21 

 
54 

Average rate of 
stopping kaons/s (106) 

 
0.69 

 
4.78 

Accidental loss (%) 23 28 

Events/yr (SM) 1.3 210 

December 2011                                                           R. Tschirhart - Fermilab - ORKA PAC Presentation 19 
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Cost 
Cost	
  

(million)	
  
w/	
  60%	
  

conEngency	
  

Accelerator	
  and	
  Beams	
   7.5	
   12	
  
A0	
  to	
  B0	
  transport	
   2.2	
   3.5	
  

Target	
  and	
  Dump	
   0.9	
   1.5	
  

Kaon	
  Beam	
   4.4	
   7.0	
  

Detector	
   22.4	
   35.8	
  
Magnet	
   0.5	
   0.8	
  

Beam	
  and	
  Target	
   0.6	
   1.0	
  

Driy	
  Chamber	
   1.9	
   3.0	
  

Range	
  Stack	
   2.5	
   4.0	
  

Photon	
  Veto	
   3.0	
   4.8	
  

Electronics	
   4.0	
   6.4	
  

Trigger	
  and	
  DAQ	
   2.0	
   3.2	
  

Soyware	
  and	
  CompuDng	
   2.0	
   3.2	
  

InstallaDon	
  and	
  IntegraDon	
   5.9	
   9.4	
  

Project	
  Management	
   2.7	
   4.4	
  

Total	
   33	
   53	
  



31 Mike Hildreth – ICHEP 2012 

Stage One Approval (Excerpt) 


