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Lepton	  universality	  and	  Kl 2	  decays	

•  Three	  genera5ons	  of	  leptons	  in	  SM	  
– Different	  masses	  of	  e,	  µ,	  and	  τ,	  but	  the	  same	  gauge	  
couplings	  of	  ge,	  gµ,	  and	  gτ.	  

–  It	  should	  be	  tested	  with	  high	  precision	  experiments.	  

•  Kaon	  decays:	  

ge	 	  gµ	

 	  ge=	  gµ	  ?	  

 	  Vertex	  correc5on	  	  
	  	  	  	  	  due	  to	  New	  Physics	  ?	  	

Γ(Kl2) = gl
2 (G2/8π) fK

2mKml
2
 {1 - ml

2/mK
2}2 	


Ke2	 Kµ2	
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RK	  measurement	
•  Ra5o	  of	  Kl2	  decay	  widths:	  

–  small	  (~	  10-‐5)	  due	  to	  helicity	  suppression,	  but	  
–  free	  from	  hadronic	  form	  factors	  	  

•  Standard	  Model	  predic5on:	  	  	  	  	  	  	  	  	  	  	  δr	  :	  radia5ve	  decay	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  contribu5on	  of	  K+	  -‐>	  l+	  ν γ	  

•  New	  Physics	  contribu5on:	  	  

                      ΔRK	  =	  RK	  -‐	  RKSM	

RK	  =	  Γ(K+	  →	  e+ν (γ) )	  /	  Γ(K+	  →	  µ+ν (γ) )	

              !(K+ ! e+"e [#] )     me2      mK2 " me2   
RK

SM =                                =                               (1 + !r)               !(K+ ! µ+"µ [#] )    mµ
2    mK2 " mµ

2 

2

= 2.477 (1) × 10-5   with δr =-0.036 
                    Cirigliana and Rosell, Phys. Rev. Lett. 99, 231801 (2007) 
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New	  physics	  effects	
•  SUSY	  with	  lepton	  flavor	  viola5on	  

Masiero,	  Paradisi	  and	  Petronzo,	  Phy.	  Rev.	  D74	  (2006)	  011791	  
Masiero,	  Paradisi	  and	  Petronzo,	  JHEP	  11	  (2008)	  042	  	  

–  charged	  Higgs	  exchange	  with	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  a	  LF	  changing	  sleptpn	  loop	  	  	  	  	  	  
–  Ke2	  can	  be	  enhanced	  
–  ΔRK	  can	  be	  as	  large	  as	  O(1%)	  	  
Girrbach	  and	  Nierste,	  arXiv.1202.4906	  

•  general	  discussions	  of	  SUSY	  effects	  
Fonseca,	  Romao,	  and	  Teieira,	  Eur.Phys.J.	  C(2012)	  72:2228	  

–  strong	  constraints	  from	  Bs→µ+µ- and	  Bu→τν	


•  	  fourth	  genera5on	  of	  quarks	  and	  leptons	  
Lacker	  and	  Menzel,	  JHEP07	  	  (2010)	  006	  

–  constraint	  to	  neutrino	  mixing	  matrix	  |Ue4|	  

•  	  sterile	  neutrino	  
Abada,	  Das,	  Teixeira,	  Vicente,	  and	  Weiland,	  arXiv:1211.3052v2	  

–  tree-‐level	  enhancement	  by	  modified	  Wlν	  couplings	  with	  sterile	  neutrinos	  
–  a	  large	  effect	  of	  O(1)	  is	  also	  possible	  

IV. THE LEPTON FLAVOUR VIOLATING CASE

It is well known that models containing at least two
Higgs doublets generally allow flavour violating couplings
of the Higgs bosons with the fermions [8]. In the MSSM
such LFV couplings are absent at tree level. However, once
non holomorphic terms are generated by loop effects (so
called HRS corrections [9]) and given a source of LFV
among the sleptons, Higgs-mediated (radiatively induced)
H‘i‘j LFV couplings are unavoidable [5]. These effects
have been widely discussed in the recent literature through
the study of several processes, namely ! ! ‘j‘k‘k [5],
! ! "# [10], "! e conversion in nuclei [11], B ! ‘j!
[12], H ! ‘j‘k [13] and ‘i ! ‘j$ [14].

In this Letter we analyze the LFV decay channels of the
purely leptonic %" and K" decays and discuss a possible
way to detect LFV SUSY effects through a deviation from
the "! e universality. One could naively think that SUSY
effects in the LFV channels M ! ‘i&k are further sup-
pressed with respect to the LFC ones. On the contrary,
we show that charged Higgs-mediated SUSY LFV contri-
butions, in particular, in the kaon decays into an electron or
a muon and a tau neutrino, can be strongly enhanced.

The quantity which now accounts for the deviation from
the "! e universality reads:

 RLFV
%;K #

P
i
!$%$K% ! e&i%

P
i
!$%$K% ! "&i%

i # e;"; !:

with the sum extended over all (anti)neutrino flavors (ex-
perimentally one determines only the charged lepton flavor
in the decay products).

The dominant SUSY contributions to RLFV
%;K arise from

the charged Higgs exchange. The effective LFV Yukawa
couplings we consider are (see Fig. 1):

 ‘H"&! !
g2!!!
2

p m!

MW
"3l

R tan
2' ‘ # e;": (5)

Crucial to our result is the quadratic dependence on tan' in
the above coupling: one power of tan' comes from the
trilinear scalar coupling in Fig. 1, while the second one is a
specific feature of the above HRS mechanism.

The "3‘
R terms are induced at one-loop level by the

exchange of Bino (see Fig. 1) or Bino-Higgsino and slep-
tons. Since the Yukawa operator is of dimension four, the
quantities "3‘

R depend only on ratios of SUSY masses,
hence avoiding SUSY decoupling. In the so called MI
approximation the expression of "3‘

R is given by:

 "3‘
R ’ (1

4%
"M1m2

R)
3‘
RR&I0$M2

1;"
2; m2

R% ! $" $ mL%' (6)

where " is the the Higgs mixing parameter, M1 is the Bino
( ~B) mass and m2

L$R% stands for the left-left (right-right)
slepton mass matrix entry. The LFV MIs, i.e. )3‘

XX #
$ ~m2

‘%3‘XX=m2
X (X # L, R), are the off-diagonal flavor chang-

ing entries of the slepton mass matrix. The loop function
I0$x; y; z% is such that I0$x; y; z% # dI$x; y; z%=dz, where
I$x; y; z% refers to the standard three point one-loop integral
which has mass dimension !2. Following the thorough
analysis in [13], it turns out that "3‘

R & 10!3.
Making use of the LFV Yukawa coupling in Eq. (5), it

turns out that the dominant contribution to "re!"
NP reads:

 RLFV
K ’ RSM

K

"
1(

#
m4

K

M4
H

$#
m2

!

m2
e

$
j"31

R j2tan6'
%
: (7)

In Eq. (7) terms proportional to "32
R are neglected given

that they are suppressed by a factor m2
e=m2

" with respect to
the term proportional to "31

R . Taking "31
R ’ 5 ) 10!4 ac-

cordingly to what said above, tan' # 40 and MH #
500 GeV we end up with RLFV

K ’ RSM
K $1( 0:013%. We

see that in the large (but not extreme) tan' regime and
with a relatively heavy H", it is possible to reach contri-
butions to "re!"

K SUSY at the percent level thanks to the
possible LFV enhancements arising in SUSY models.

Turning to pion physics, one could wonder whether the
analogous quantity "re!"

% SUSY is able to constrain SUSY
LFV. However, the correlation between "re!"

% SUSY and
"re!"

K SUSY:

 "re!"
% SUSY ’

#
md

mu (md

$
2
#
m4

%

m4
k

$
"re!"

K SUSY (8)

clearly shows that the constraints on "re!"
K susy force "re!"

% susy

to be much below its actual exp. upper bound.
Obviously, a legitimate worry when witnessing such a

huge SUSY contribution through LFV terms is whether the
bounds on LFV tau decays, like ! ! eX (with X # $, #,
""), are respected [14]. Higgs mediated Br$! ! ‘jX% and
"re!"

K Susy have exactly the same SUSY dependence; hence,
we can compute the upper bounds of the relevant LFV tau
decays which are obtained for those values of the SUSY
parameters yielding "re!"

K SUSY at the percent level. We
obtain Br$! ! eX% * 10!10 [14]. Given the exp. upper
bounds on the LFV ! lepton decays [15], we conclude

R
B̃

R̃

δ 3
RR

ντ

HU

ν̃L

FIG. 1. Contribution to the effective #&!‘RH( coupling.
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Experimental	  status	

•  KLOE	  @	  DAFNE	  (2009)	  
	  	  	  	  	  	  	  	  	  	  in-‐flight	  decay	  

RK	  =	  (2.493	  ±	  0.025	  ±	  0.019)	  ×	  10-‐5	  

•  NA62	  @	  CERN	  (2011)	  
	  	  	  	  	  	  	  	  	  in-‐flight	  decay	  

RK	  =	  (2.488	  ±	  0.007	  ±	  0.007)	  ×	  10-‐5	  

•  World	  average	  (2011)	  	  
RK	  =	  (2.488	  ±	  0.009)	  ×	  10-‐5	  

	  	  	  	  	  	  	  	  	  	  δRK	  /	  RK	  =	  0.0037	  

•   RK
SM = (2.477 ± 0.001 ) x 10-5 

–  Uncertainty :  δRK/RK ~ 0.0004 
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J-‐PARC	  E36	  experiment	
•  Use	  of	  high-‐intensity	  K+	  beam	  of	  
K1.1BR	  at	  J-‐PARC	  

•  Stopped	  beam	  experiment	  
–  different	  systema5cs	  from	  KLOE	  and	  
NA62	  	  	  

•  TREK	  detector	  with	  SC	  Toroid	  
–  future	  applica5on	  to	  E06	  (Kµ3	  	  	  T	  
viola5on)	  	  

•  Sensi5vity:	  
      δRK /RK= 0.0020 (stat) ± 0.0015 (syst)	

                   = 0.0025   	  
•  Now	  in	  prepara5on	  

–  scheduled	  to	  run	  in	  2014-‐2015	  	  

J-‐PARC	

Hadron	  Expemeimental	  Hall	

K1.1BR	  beamline	 7	



TREK	  detector	

•  Spectrometer	  system	  with	  12-‐gap	  toroidal	  magnet	  

•  Originally	  designed	  for	  E06	  (Kµ3	  T	  viola5on)	  by	  upgrading	  KEK-‐E246	  	

µ+	  polarimeter	
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E36	  detector	

•  In	  place	  of	  muon	  polarimeter	  a	  lead	  glass	  counter	  is	  installed	  

•  e+/µ+	  iden5fica5on	  with	  TOF,	  aerogel	  Č	  and	  lead	  glass	  

Lead	  glass	

Aerigel	  Č	

K1.1BR	  
beamline	
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SC	  Toroidal	  Spectrometer	
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Measurement	  and	  analysis	
•  Charged	  par5cle	  momentum	  spectrum	  

–  including	  Ke2γ	  and	  Kµ2γ	


–  above	  228	  MeV	  

•  Rejec5on	  of	  “Structure	  dependent	  
radia5ve	  decay	  (SD)”	  
–  rejected	  as	  a	  background	  
–  with	  the	  help	  of	  	  CsI(Tl)	  calorimeter	  

•  Determina5on	  of	  RK	  

	  	  	  	  	  	  	  	  	  event	  rate	  ra5o	  	  	  	  acceptance	  ra5o	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  =	  Q	  

•  Comparison	  of	  RK	  with	  RKSM	  	  
–  also	  including	  Ke2γ	  and	  Kµ2γ	  	

schema9c	  	  
momentum	  spectrum	

              !(K+ ! e+"e [#] )     me2      mK2 " me2   
RK

SM =                                =                               (1 + !r)               !(K+ ! µ+"µ [#] )    mµ
2    mK2 " mµ

2 

2

             N (Ke2+Ke2#
IB)    $ (Kµ2+Kµ2#

IB)
RK   = 
             N (Kµ2+Kµ2#

IB)    $ (Ke2+Ke2#
IB) 

215          228     236      247
               (MeV/c)

In
te
ns
ity x	  10-‐5	
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Systema5c	  feature	
•  Separate	  momentum	  spectra	  of	  Ke2(γ)	  and	  Kµ2(γ)	  

–  No	  physics	  BG	  other	  than	  SD	  radia5ve	  decays	  
–  c.f.	  Overlap	  of	  M2

miss	  of	  Ke2(γ)	  and	  Kµ2(γ) in	  in-‐flight-‐decay	  

•  Significant	  systema5cs	  from	  possible	  detector	  acceptance	  
difference	  between	  Ke2(γ)	  and	  Kµ2(γ) 	  

	  	  	  	  	  	  	  1)	  slightly	  different	  spectrometer	  	  
	  	  	  	  	  	  	  	  	  	  	  	  acceptance	  
	  	  	  	  	  	  	  	  2)	  different	  interac5on	  of	  	  
	  	  	  	  	  	  	  	  	  	  	  	  e+	  and	  µ+	  in	  the	  target	  	  

•  Acceptance	  difference	  should	  	  
	  	  	  	  	  be	  carefully	  corrected	  

=1.4 T 247 MeV/c)
236 MeV/c)

Target

Tracking system
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Detector	  components	  (1)	
Fiber	  target	 Tracking	  system	

12 C1 triple-GEMs to cover 
muon holes of CsI(Tl)	

Active length (z) 	
 	
300 mm	

Active width (y) 	
 	
100 mm	

Spatial resolution 	
       <100 μm	

Readout strips: pitch 	
400 μm	


C1	  GEM	

Prototype	  
10	  x	  10	  cm	

Active length (z) 	
 	
200 mm	

Active diameter (d)         67 mm	

Fiber size 	
              3 x 3 mm	

Number of fibers 	
        256	

Readout                    MPPC	


C2,	  C3,	  C4:	  
MWPCs	 13	



Detector	  components	  (2)	

768 crystals	

 e+, µ+	


Crystal length 	
 	
250 mm	

Number of crystals       768	

Segmentation                 7.5°	

Coverage                      ~75%	

Readout                        PIN	

Maximum rate           ~200 kHz	


CsI(Tl)	  calorimeter	

!"#$%&'(#$')*#()+),-.

/
*
'.
)
(0
)
$1
0
-(
2&
3*
34

56)(2µ.4

7)8(9)&:;*-(.%0)6)(<;9(0$10)9()+),-(9&-)(&-(=>/?@A

A.B2!'4 /B7>/C A0&91)((
&6#'$D)9(

E0&#$,1(&6#'$D)9

!F(G3H(µ.

IJK>L?CA(
MH(JNO(
2,)8(:)+)';#6),-4

/$')*#(.)#&9&5;,(-).-(&-(!@BPJL

! (!0$.(.%0)6)(8&.(-).-):(&,:(#9;+),(-;(8;9Q(#9;#)9'"

! (/$')*#(.)#&9&5;,(#)9<;96&,%)($.(,;8(R)$,1(&,&'"O):3(
MSGTUGUV =>/?@A(GW-0(/?A(6))5,1X(E3E0$6$O* MM(

/
*
'.
)
(0
)
$1
0
-(
2&
3*
34

56)(2µ.4

A.B(2!'4(9)&:;*-(#)9<;96&,%)(-).-(

Typical	  pileup	  events	

5me	  (µs)	

Pu
ls
e	  
he

ig
ht
	  

(a
.u
.)	

5me	  (µs)	

 	  possible	  to	  separate	  with	  FADC	14	



e+/µ+	  iden5fica5on	
	  	  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                   1.05	

Mis-ID probability               3 %	


Lead	  glass	

Pmis	  (total)	  =	  Pmis	  (TOF)	  x	  Pmis	  (AČ)	  x	  Pmis	  (LG)	  =	  8	  x	  10-‐7	  	

Material                          SF6W	

Refraction index               1.05	

e+ efficiency                      98 % 
Mis-ID probability　　　    4% 

PMT	
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Subtrac5on	  of	  SD	  Kl2γ	

•  Kl2γ  =	  Internal	  bremsstrahlung	  (IB)	  :	  calculable	  
	  	  	  	  	  	  	  	  	  	  	  	  +	  Structure	  dependent	  rad.	  (SD)	  :	  ambiguous	  
•  SD	  is	  rejected	  as	  a	  background	  
•  How	  to	  subtract	  SD:	  

–  measurement	  of	  Eγ	  and	  θγ	

–  separa5on	  of	  SD	  from	  ID	  in	  
	  	  	  	  the	  Eγ	  –	  θγ plot	  
–  determina5on	  of	  SD	  form	  	  
	  	  	  	  	  factors	  
–  correc5on	  for	  no-‐γ	  SD	  events	  

•  The	  error	  due	  to	  this	  subtrac5on	  
	  	  	  	  	  process	  is	  es5mated	  	  

Eγ	  –θγ distribu8on	  in	  CsI(Tl)	

SD	

IB	

16	



Detector	  acceptance	  calibra5on	

•  MC	  simula5on	  
–  precise	  geometry	  input	  

•  Use	  of	  Kµ2	  peak	  
–  reduced	  magne5c	  field	  (1.34	  T)	  
–  beam	  normaliza5on	  needed	  

•  Use	  of	  Kµ3	  spectrum	  
–  reduced	  magne5c	  field	  (0.9T	  )	  
–  precise	  Kµ3	  spectral	  shape	  needed	  

•  Validity	  of	  these	  methods	  were	  checked	  
using	  data	  and	  their	  systema5c	  errors	  
are	  es5mated.	  

Kµ2	  method	

Kµ3	  method	

17	



Systema5c	  errors	  (1)	

Category	 Source	

N(Ke2)/N(Kµ2)	  

1)  Detector	  origin	  
2)  Background	  

origin	  
3)  Analysis	  origin	

Ω(Ke2)/Ω(Kµ2)	  
=Q	

1)	  	  	  	  MC	  simula5on	

Ra9o	  of	  event	  rate	 Ra9o	  of	  	  
detector	  	  
acceptance	  

δRK/RK(syst)	  =	  0.0015	  	
18	



Expected	  sensi5vity	

•  Proton	  beam	  
–  30	  GeV	  ,	  30	  kW	  

•  K+	  beam	  
–  800	  MeV/c	  ,	  200	  kHz	  

•  Run	  5me	  
–  50	  days	  

•  Accumulated	  Ke2	  
–  250,000	  

•  Sta5s5cal	  error	  
–  δRK/RK(stat)	  =	  0.0020	  

•  Total	  error	  
–  	  δRK/RK(total)	  =	  0.0025	  

E36	  
(2015	  ?)	
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Byproduct	  (1)	
•  Search	  for	  heavy	  sterile	  ν	  (N)	  in	  K+	  µ+N	

Neutrino minimal standard model (νMSM) 
•  L.Canetti, M.Drewes, and M.Shaposhinikov, PRL 100, 061801 (2013) 
•  Gninenko and Gorbunov, hep-ph/0907.4666	  

• 	  Sensi5vity	  in	  E36	  :	  	  	  	  BR(K+→µN)	  ~	  10-‐8	  

10-‐8	 10-‐8	
10-‐8	

from	  Gninenko	  and	  Gorbunov	
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Byproduct	  (2)	
•  Search	  for	  dark	  photon	  in	  K+	  →µ+ν e+e-‐	  	  

Barger, Chiang, Keung, and Marfatia (arXiv:1109.6652)	  
Beranek and Vanderhaeghen, Phys. Rev. D87, 015124  (2013)	

19 

Indirectly: Search for violation of lepton universality in Kl2 
Directly: Search for a light gauge boson (V), scalar, pseudoscalar,  
or vector, coupling to the muon, by full reconstruction of final state 

Coupling strength and branching ratio: 

Kµ2!:  BR(K+ ! µ+ ! ") = 0.55%  

e+ e- 

U(1) boson, gµ-2, and the proton radius 

!2~10-6 region • 	  BR(K+→	  µ+νV	  )	  ≈	  ε2BR(K+→	  µ+νγ)	  =	  0.55	  ε2	  

• 	  Sensi5vity	  of	  ε2	  ≈	  10-‐6	  is	  feasible	

	  	  	  	  	  	  	  photon-‐like	  massive	  gauge	  boson	  V	  :	  	  K+→µ+νV,	  V→e+e-‐	  A’ parameter space exclusion limits
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T. Beranek and M. Vanderhaeghen, Phys. Rev. D 87, 015024 (2013)

Projected TREK E36
Full reconstruction of the µ+"e+e- and !+e+e- final states
Possible improvement with projected E36 results: !2 " 10-6

Signal: 
• Peak in M(e+e-) spectrum measured in the CsI(Tl) calorimeter
• Peak in the !+ momentum spectrum for K+ → !+A’
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TREK: ε2 ! 10-6 TREK: ε2 ! 10-6
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Summary	

•  Lepton	  universality	  viola5on	  is	  a	  sensi5ve	  probe	  of	  
new	  physics.	  

•  J-‐PARC	  experiment	  E36,	  employing	  the	  K+	  stopped	  	  
decay	  method,	  aims	  for	  δRK/RK=0.25%.	  

•  E36	  is	  schedule	  to	  run	  in	  2014-‐2015.	  Now	  the	  
detector	  is	  being	  prepared.	  

•  As	  byproducts:	  	  
–  	  Heavy	  neutrino	  search,	  and	  dark	  photon	  search	  

•  Final	  goal	  with	  the	  TREK	  detector	  :	  
–  E06	  :	  Search	  for	  T	  viola5on	  in	  Kµ3	  with	  transverse	  muon	  
polariza5on	  
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