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2. The TREK Program: Experiments using the K- beam 
with the upgraded large acceptance detector from E246 
(KEK-PS) 

Exp. 
(Intensity 
In KW) 

> Search for T violation in kaon decays E06 
(100-270) 

> Search for lepton universality violation in a measurement of the 
ratio of the Ke2 and Kµ2 decay widths 

E36 
(30-50) > Search for heavy sterile ν(N) in K+ àµ+N 

> Search for dark photon in K+→µ+ν e+e- 

Outline 
1.     Hadron Facility at J-PARC 

3. Status and Schedule 
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Neutrino Beams　
(to Kamioka) 

30 - 50 GeV 
Synchrotron 

Hadron Exp. 
Facility 

Materials and Life 
Experimental 

Facility 

3 GeV 
Synchrotron 

Linac 

Japan Proton Accelerator Research Complex!



Beam  
Dump 

T1 target 

K1.8 

K1.8BR 

K1.1 
S-type 

KL 

K0.8 
C-type 

  30~50 GeV  
  primary beam 

Production 
target (T1)‏ 

TREK (E6) : ~9 µA protons (270 kW) @ 30 GeV, flux ~2 x 106 K+/s,  π/K ratio ~1   

The Hadron Experimental Hall 
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The Hadron Hall Experimental Program 

TREK 
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§  K1.1BR completed in summer 2010!
§  Commissioned in Oct. 2010 by TREK collaboration before earthquake!
§  Re-commissioned successfully in June 2012 after re-alignment!

-  π/K ratio of ~1 observed!
-  Kaon flux within expectation 

K1.1BR beam-line commissioning 

K1.1-BR 

Proton beam 

Q1, Q2 
D2 

Q3, Q4 
D1 T1 

ESS 

Q5, Q6 

D3 

•     FF 

Q7 Q8 

MS 

IFX, IFY 

SX2 

HFOC 

SX1 
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J-PARC Shut down due to 2011 earthquake 

KEK 

JPARC 

On March 11, 2011, a magnitude 9.0 
earthquake devastated Northeastern 
Japan.  
J-PARC was at edge of severe shaking 
intensity zone. The tsunami in the area 
was >4m. 
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l  A"er	
  the	
  accident,	
  the	
  proton	
  beam	
  size	
  is	
  required	
  to	
  
be	
  larger	
  to	
  avoid	
  further	
  accidents.	
  

l  The	
  wall	
  thickness	
  of	
  the	
  K1.1BR	
  area	
  should	
  be	
  1.5m.	
  
l  Beam	
  intensity	
  would	
  decrease	
  down	
  to	
  86%	
  of	
  the	
  

original	
  design.	
  
l  K+	
  yield	
  at	
  24GeV	
  should	
  be	
  the	
  same	
  or	
  higher	
  than	
  at	
  

30GeV.	


Addi$onal	
  delay	
  (a-er	
  2013	
  radia$on	
  incident	
  in	
  Hadron	
  Hall)	
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KEK-E246: 
PT = - 0.0017 ± 0.0023(stat) ± 0.0011(sys) 
 ( |PT | < 0.0050 : 90% C.L. ) 

PT≠0     ⇒  T violation  
(CPT theorem)  ⇒ CP violation  
Sakurai 1957 

M. Abe et al., PRL83 (1999) 4253; PRL93 (2004) 131601; PRD72 (2006) 072005 

ν

π , γ0

µ
K

+
+

decay plane

PT

l  PT  is T-odd,  and spurious effects from final state 
interaction are small: PT (FSI) < 10-5 	



             Non-zero PT is a signature of  T violation.	



l  Standard Model (SM) contribution to PT :  PT (SM) < 10-7!
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E6:Transverse Muon Polarization in K+ à µ+π0 νµ Decays   



New Physics: Model Predictions of PT 

      Model                                K+ → π0µ+ν!

■  Standard Model  ! !         ! !<10-7                    !

■  Final State Interactions !         ! !<10-5!

■  Multi-Higgs  ! !        !          !≤ 10-3!

                                                    PT (K+ → π0µ+ν)      !!

■  SUSY with squarks mixing !          !≤ 10-3!

                                                          !PT (K+ → π0µ+ν)      !!

■  SUSY with R-parity breaking       ! !≤ 4 x10-4!

■  Leptoquark model     ! !         ! !≤ 10-2!

! !!

90% C.L. 
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PT in the range 10-3 ~10-4 is a sensitive probe of T (CP) violation beyond the SM.!



• Precise calibration of misalignments !
• Correction of systematic effects 
• Precise fwd-bwd cancellation!

• × 30 beam intensity!
• × 10 detector acceptance!
• Higher analyzing power 

δPT
syst ≤ 0.1 δPT

syst (E246) !

PT (Kµ3) TREK experiment aims for a sensitivity of ≤10 
-4  
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δPT
stat ≤ 0.05 δPT

stat (E246) 



Upgraded E246 detector 

Active polarimeter 

Fiber target 

C0,C1 GEM 

CsI(Tl) readout 
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The TREK Apparatus 

PT is measured as the azimuthal asymmetry Ae
+ of the µ+ decay positrons 
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momentum: SC Toroidal spectrometer�

 e+,µ+ identification: TOF and Cherenkov�

γ measurement: CsI(Tl)�

µ+ polarimeter: Active Polarimeter�



fwd and bwd  π0 /γ �

PT directions�

fwd -π0 (γ )	

bwd -π0 (γ )	



            Ncw - Nccw	


Ae+ =	


            Ncw + Nccw	



l  Stopped beam method  
      (K+ decay at rest) 

l  coverage of all π0 directions 
l  symmetric decay phase space 

l  Double ratio measurement 
•  small systematic errors 

l  Longitudinal field method 
            B // PT 

J.A. Macdonald et al., NIM A506 (2003) 60 

Features of E246 and E06 
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Superconducting toroidal magnet moved to J-PARC 
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CsI(Tl) Calorimeter 



Active Muon Polarimeter 

§  Full angular acceptance for positrons – 10x more than in E-246 
§  Determination of decay vertex – background-free measurement 
§  Measurement of e+ angle and approx. energy – higher analyzing power 
§  Improved field alignment – suppressed systematic error 

§  Full-size prototype completed, tested at TRIUMF in Nov. 2009 

µ+ 

e+ 
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l  Most essential part of the TREK experiment  

Polarimeter = Drift chamber with stoppers + Muon field magnet (0.03 T)!
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TREK: Tracking Upgrade 

§ Planar GEMs (C1) 
between CsI and C2 

§ Cylindrical GEM (C0) 

70 µm 

140 µm 

GEM technology: 
Hampton University  
in collaboration with  
MIT and Jefferson Lab 
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J-­‐PARC	
   High	
   Intensity	
   beam	
   needed	
   for	
  
E06	
  will	
  not	
  be	
  available	
  unTl	
  2017/2018?	
  
The	
   TREK	
   collaboraTon	
   has	
   proposed	
   the	
  
E36	
   experiment	
  using	
   the	
   upgraded	
   TREK	
  
detector	
  with	
  the	
  current	
  beam	
  intensity:	
  

-Measurement of Γ(K+ →e+ν) / Γ(K+ →µ+ν) 
-Search for Heavy Sterile Neutrinos  
-Search for Dark Photon	
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K à eν K à µν	



 ge = gµ ?   

ge gµ	



Typical test in particle decay at low energy 

Γ(Kl2) = gl
2 (G2/8π) fK2mKml

2
 {1-(ml

2/mK
2)}2  

Precise measurement of decay width ratio: 
          RK = Γ(Ke2) / Γ(Kµ2)  

Search for LU violation in Kl2 decays 
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Standard Model: 

§  Γ(Kl2) = gl
2 (G2/8π) fK2mKml

2
 {1-(ml

2/mK
2)}2   

§  In the ratio of Γ(Ke2) to Γ(Kµ2),  
hadronic form factors are cancelled  

§  Strong helicity suppression of the electronic 
channel enhances sensitivity to effects beyond 
the SM 

§  Highly precise SM value 
RK

SM= (2.477±0.001) x 10-5, δRK/RK=0.04% 
V. Cirigliano, I. Rosell, Phys. Rev. Lett. 99, 231801 (2007) 

radiative correction 
  (Internal Brems.)  helicity suppression 

Lepton universality in Standard Model Kl2 
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Possible New Physics	


SUSY	
  with	
  LFV	
  for	
  Ke2	
  
-Charged	
  Higgs	
  H+	
  mediated	
  LFV	
  SUSY	
  
-­‐Large	
  enhancement	
  from	
  mτ

2/me
2 

-A	
  sizable	
  effect	
  of	
  ΔRK/RK~1.3%	
  possible	
  
J. Girrbach et al., arXiv:1202.4906; 
A. Masiero et al., PRD 74 (2006) 011701	
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RK	
  sensiTve	
  to	
  neutrino	
  mixing	
  parameters	
  
within	
  SM	
  extensions	
  	
  with	
  4th	
  generaTon	
  
of	
  quarks	
  and	
  leptons	
  or	
  sterile	
  neutrinos	

 H. Lacker et al., JHEP 1007 (2010) 006 
 A. Abada et al., arXiv: 1211.3052 

Neutrino	
  mixing	
  



Experimental status of RK	


•  Highly precise SM value 
RK = (2.477 ± 0.001) × 10-5 
V. Cirigliano et al., PRL. 99, 231801 (2007) 

•  KLOE @ DAΦNE (in-flight decay) 
RK = (2.493 ± 0.025 ± 0.019) × 10-5 

F. Ambrosino et al., EPJ. C64, 627 (2009) 

•  NA62 @ CERN-SPS (in-flight decay) 
RK = (2.488 ± 0.007 ± 0.007) × 10-5 

C. Lazzeroni et al., PLB719, 105 (2013) 

•  Systematics : 
– In-flight-decay experiments: kinematics overlap 
– E36 stopped K+: detector acceptance and target 

– E36 complementary to in-flight experiments 

 E36 goal:  ΔRK /RK = ± 0.20% (stat) ± 0.15% (syst)    [0.25% total]   	


Table 17: Comparison of the P36 sensitivity with the current experimental limits

Experiment RK [10−5] ∆RK(stat)[10−5] RK(syst)[10−5] ∆RK(total)[10−5]
∆RK(stat)/RK ∆RK(stat)/RK ∆RK(total)/RK

KLOE (2009) 2.493 0.025 0.019 0.031
0.0100 0.0076 0.011

NA62 (2011) 2.488 0.007 0.007 0.010
0.0028 0.0028 0.0039

World average 2.488 0.009
0.0036

P36 (2015?) 0.005 0.0038 0.0065
0.002 0.0015 0.0025

Theory (SM) 2.477 0.001
0.0004

2.460

2.470

2.480

2.490

2.500

2.510

KLOE (2009)

NA62 (2011)

SM

P36

(2015? )

2.520

R  x 10K

5

Figure 23: Status of RK experiments. KLOE and NA62 are in-flight-decay experi-
ments, whereas P36 is a stopped beam experiment. The central value of P36 is just
put on the standard model (SM) prediction. However, if our result agrees with the
current world average which is nearly the result of NA62, it would indicate a deviation
of the new world average of about two-sigma from the standard model prediction.

53

1.3 %	
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l  e/µ separation not only in momentum spectrum  
          but with PID using TOF + Cherenkov counters 
l  Inclusion of radiative decay (CsI(Tl) ) 
l  Rejection of Ke3 and Kµ3 

 p > 228 MeV/c Backgrounds 

charged particle   
momentum spectrum 

with radiative decay tails  	


Ke2 / Kµ2 discrimination	
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§  C1 GEM 
§  Target 
§  Aerogel Cerenkov 

§  TOF, Leadglass 
§  CsI(Tl) readout  

Target & E246/TREK detector upgrade 

24 



  PID with:	


–  TOF	


–  Aerogel Č	


–  Lead glass	


TOF	

Flight length               250 cm 
Time resolution               <100 ps 
Mis-ID probability              7x 10-4 

Aerogel	
  Č	
  counter	

Radiator thickness            4.0 cm 
Refraction index                 1.08 
e+ efficiency                 >98% 
Mis-ID probability                  3%	


Lead	
  glass	
  (PGC)	


Pmis (total) = Pmis (TOF) x Pmis (AČ) x Pmis (LG) = 8 x 10-7 < O(10-6)  

Material                              SF6W 
Refraction index                  1.05 
e+ efficiency                         98% 
Mis-ID probability　　　        4% 

PMT	


µ+/e+ identification 

Target	
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l  In the framework of renormalizable extension of the SM, 
the νMSM, 3 light singlet right-handed (sterile ν) are 
introduced (N1,N2 and N3) 

l  The νMSM can explain 
l ν oscillation 
l Light sterile ν play a role in Dark matter (N1) 
l Baryon asymmetry can be induced by leptogenesis or 

through ν oscillation (N2, N3) 
l  Measure yield and polarization for K+ à µ+N 

l Main background from Kµ3 

If the sterile ν is lighter than K+, K+à µ+N could be observed. 

Search for heavy sterile ν (N) in K+àµ+N 
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M(N1) ≈ 1 keV 
M(N2) ≈ M(N3) ≈ 100 MeV 



Heavy neutrino search in K+ → µ+N (e+N) 

§  ν Minimal Standard Model (νMSM) 
-- Explanation of DM and BAU   

§  monochromatic peaks in K+ →µ+N 
D. Gorbunov and M. Shaposhnikov, JHEP0710, 015 (2007) 
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E36 Sensitivity BR(K+àµN) ~ 10-8 



§  23% of the universe are Dark Matter 
→ Rotation of galaxies; gravitational lensing; DAMA/LIBRA; WMAP 
→ >100 GeV WIMPs favored 

§ U(1) hidden sector extension of the Standard Model: 
Dark Matter interacting with SM via U(1) gauge boson (Fayet 2004) 

§ Astrophysical motivation for Dark Matter  
annihilation: positron excess 
PAMELA, FERMI, AMS-02 

§ Muon anomalous magnetic moment gµ-2  
→ Kinetic mixing model  
(Holdom 1986, Pospelov 2009) 

§ Beyond kinetic mixing: Proton radius puzzle Rp 

§  Lepton-flavor non-universal interaction (preferred coupling to muons) 
→ Coupling to right-handed muons (Batell, McKeen, Pospelov) 
due to constraints from neutrino scattering 

Search for light U(1) gauge boson A’ (Dark Photon) 



e+ 
e- 

K+ 

A’ 
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Search for the A’ in K+ → µ+ν e+ e-
 

QED background: K+ → µ+ν e+e- 

§ Γ(K+→µ+ν ee) ~ 2.5 x 10-5 

§ Expect 1010 stopped K+ in E36 

§ 250k QED evts or ~1000 / MeV 

Signal:  K+  →  µ+ ν Α’	


	

Α’ 	

→  e+ e-  (30 MeV) 

Assumed:   
§ Eff. coupling ε2 ~  2.5 x 10-5 

§ mee resolution 1 MeV 
§ Number of kaons: 1010 K+ 

Investigated for E36: 
§ Detect µ+ in toroid, e+e-  in CsI(Tl) 
§ Achievable resolution for mee 
§ Fluctuation of QED background 
→ Exclusion limits for ε2 versus mee 
   P. Monaghan, B. Dongwi 
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Search for light U(1) gauge boson A’ (Dark Photon) 

As of April 2014 

Fig from Andrzej Kupść @ QFPP14 

TREK: ε2 ≈ 10-6 

Projected TREK E36: Full reconstruction of the µ+𝝂e+e- final states e+e- final states 
Possible improvement with projected E36 results: 𝝴2 ≈ 10-6 2 ≈ 10-6 
Signal:  

•  Peak in M(e+e-) spectrum measured in the CsI(Tl) calorimeter 



§  TREK at J-PARC has made substantial progress 

§  “K1.1BR” secondary beamline has been commissioned in 2010 
and re-commissioned in June 2012 

§  E06:  Measure T-violating transverse muon polarization  
  in Kµ3 decays (high power 100-270 kW, >2017?) 
   - Large potential for discovery of New Physics 

        - Aims for the  sensitivity of δPT ~ 10-4 
   - Upgrade of existing experimental setup of KEK/E-246 

§  E36:  Measure Ke2/Kµ2 ratio – test of lepton universality  
  (low power 30-50 kW, ~2014/2015) 

        - Goal is ΔRK / RK = 0.2% 
   Search for Heavy Sterile Neutrinos 

     - Sensitivity BR(K+àµN) ~ 10-8 
  Search for Dark Photon/U(1) gauge Boson A’ 

    - Sensitivity ε2 ~ 10-6 

Status and Schedule 
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Backup Slides 



K+ decay modes 



§  Light mediator of dark force coupled to SM via kinetic mixing; 
motivated by astrophysics, gµ-2, and Rp  

§ Measure all charged decay particles and search for peak in the 
e+e-  invariant mass spectrum in the range 0-300 MeV 

 Kπ2:  K+ → π+ π0  (~1010 events) 

Signal: BR(K+ → π+ V) ~10-8   
V → e+e- (~100 events)  

Background:  
BR(K+→ π+ e+ e-) ~ 2.9 x 10-7 

e+ 

e- 

π+ 

Κ+ 

V 

K+→ π+ e+ e-  (ΔS = 1) 

e+ 
e- 

K+ 

Kµ2:  K+ →  µ+  ν  (~1010 events)  

Kµ2γ:  K+ →  µ+  ν  γ (~107 events) 

Signal: BR(K+ → µ+ ν V) ~10-8  
V → e+e- (~100 events)  

Background:  
BR(K+ → µ+ ν  e+ e- ) ~ 2.5 x 10-5 

Search for light U(1) gauge boson A’ (Dark Photon) 


