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* TREK Program TREK = Time Reversal Experiment with Kaons

—

v’ Test of Lepton Violation
v' Search for Dark Photons — Lower intensity
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Lepton universality in K,, and m,, decays

T s o ) 2 2 2
S _ F(K e v, [yl _om, | mg —m, (1+5 )
£ F(K* — utv [y]) m>\m. —m’ -
3 —L K 7 radiative corrections
helicity suppression
S

= Very precise SM predictions

R SM=( 2.477 +0.001) x 105 K
R SM=(12.352 + 0.001) x 105

[ V. Cirigliano and I. Rosell, Phys. Rev. Lett. 99 (2007) 231801 ]

» High sensitivity to LFV beyond SM >
e.g. MSSM with charged-Higgs SUSY-LFV

mixing in the
(Bino) slepton sector

L

LFV SM
RK - RK

4
]\4H+ me max)
[ Masiero, Paradisi and Petronzio, Phys. Rev. D74 (2006) 011701, JHEP 11 (2008) 042

4 ) (Sneutrino)
m m
1+ —=& ;Aétan%) =) R V~R,SM(1+0.013

Proposed Exp’tal precision (E36) ~ 0.25%

@ Michael Hasinoff, UBC PSI-2016 Oct-18-2016 Villigen, Suisse

TRIUMF



Lepton universality V|olat|on in Kzz

* Possible New Physics

» MSSM with LFV or LFC 5 ek ' ™
> MSSM with R-Parity violation ~ |/XEML = MS5Mwin FC

» Pseudo-scalar interaction N R-Parity Violation
» Scalar with loop correction Pseudo-scalar

> Neutrino mixing ' '

MSSM wrth LFV

iScalar w. loop correction

3 A3 4 5 €

e Neutrino mixing AR/R: 10 10 10 10 10

> Ry is sensitive to neutrino mixing parameters within SM extensions
eg -- 41" generation of quarks and leptons OR heavy sterile neutrinos

H. Lacker and A. Menzel, JHEP 07(2010) 006 or A. Abada et al., JHEP 02(2014) 091

Lint = —\/—Uf'éﬂ“Pu/,W ***** + h.c. " W+/

.
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LFV in SUSY

[ Masiero, Paradisi and Petronzio; JHEP 11 (2008) 042 ]
» LFV effect may be observed in ARy
* AR/Ry= 1% corresponds to BR (t--> eX) <1010
— Strong correlation to BR ( T--> en)
— Additive to RM (no interference: R > RSM)
» Strong constraint on My, for large tang ( equalto a, )

1
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Extended more refined LFV calculation
J.Girrbach and U.Nierste -- arXiv:1202.4906

 study of dependence on u (lighest stau mass), 6_(stau), tang, M,

500 GeV \* /tan B\ ° /513, ? 2
Arts ey ~0.006 (=) (25) (2B ()
masx, My 50 0.5 ) \800GeV

valid for mz = 120 GeV, M; = 100 GeV, mg, = 200 GeV.

rrrrrrrrrrrrrrrrrrrrrrrrrrrrrr

+ = 500 GeV
= 26° |

Figure 3: Art~¢ for 65, = 0.5, Mg = 500 GeV and tan 3 = 50. Left: As a function of 6 30200 o e LS IS
different values of y: 800 GeV (red), 400 GeV (blue dashed), 200 GeV (green dotted). Right: 2 [GV)
dependece of p for different values of #.: 26° (red), 45° (blue dashed), —18° (green dotted).

Figure 5: For different values of 613 pp = 0.15 (yellow), 0. 25 (red), 0.5 (green), 0. 75 (blue) (from top
to bottom) we plot the regions in which Ar# "€ ig he.lon_ﬂle_ﬁm::e_expeumemal_sensmof 0.002
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Present Experimental Status of Ry

e KLOE @ DAFNE (in-flight decay) (2009) ™" 5_ ffffffffffffffffffffffffffffffffffffffffffffffffffff -
= (2.493 +0.025 + 0.019) x 10 | o

[ Eur. Phys. J. C64 (2009) 627 ] 2610 T

e NA62 @ CERN-SPS (in-flight decay) (2013}” | | | (2013) T

= (2.488 + 0.007 + 0.007) x 105 2400 [ g +0-010—

[ Phys. Lett. B719 (2013) 326 ] S e e e ~

e World average (2013) AR/R=04% 240 e

(2017)
- R, =(2.488 +0.010) x 10°® O -

e Different Systematics :
— In-flight-decay experiments: -- kinematics overlap
— E36 stopped K* decay experiment: --
detector acceptance and target interactions

proposed AR, /R = 0.20,, + 0.154 ¢ %
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L iversality? 8
epton universa It)’.
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E36 Apparatus ’

Central Detector

Side View

Cryostat
Iron Pole\ v | ‘ Cryostat Oc L

Lead ”

Shield ‘ s/

j Cherenko® — TOF2
] <\ [[/77> Active Target
~KCsI(T1) .' 3

Ic “’/ / 'OF1
BO/ ( Ring Counter,1 §: ,

De der ///’7777,!1 p) ' ~

e p § Upgrade of KEK-PS E246 apparatus SFT

Stopped K Method Tracking PID Gamma Ray
* K1.1BR beamline * MWPC(C2,C3,C4) -+TOF1,2 * Csl(TI)
* Fitch Cherenkov * SFT * Aerogel Cherenkov (AC) * Gap Veto (GV)
* K* stopping target *TTC * Pb glass counter (PGC)
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R, determination

Schematic momentum spectrum Charged particle momentum

N,, / Ng; ~ 40,000 / 1 spectrum
A — including K,, and K,
. Ku2 Ke2 — above 228 MeV
*g? x105 * Rejection of “Structure dependent
- radiative decay (SD)”
- Ku3 Ke3 — rejected as a background
— with the help of Csl(Tl) calorimeter
* Determination of R,
R, = N (B 1K,,") QKK ™)
| N (K, +K,B) QK K,
\ a2y) Ke2y
> « Comparison of R, with R,°M

215 228 236 247
— also including K, and K,

@ p (MeV/c)
Michael Hasinoff, UBC PSI-2016 Oct-18-2016 Villigen, Suisse U
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Subtraction of SD y Bkgd "

1) K., including external bremsstrahlung photon (in target)

2) sz 20 fa) O
3) Radiative K, decays| <™/
% 150 |- 7
A .. [ -
external | e*tpt § o -
bremss. y CsI(T) 50 —
01(;0‘ | ‘15‘30‘ B ‘2c‘>o‘ 20 O
/ et momentum (MeV/c)
@ © T 190
d target 50 [ ?
(- 140 Eo
@ 'S 40 [ 10 |
) - © 100 |
¥ S w0 |
g | Seo |
O 40 [
10 - =
s 20 ﬂ
O @ w0 i @ 20 o0 o 10 10 m0 20
IB and SD — well separated E (B'\I"e\li)s - 'jY(MeV)
ack: Structure dependent
0
\6RK/RK (SD) < 0.04% Red: Internal bremsstrahlung
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e/u Particle Identification

12

PID done with: TOF
- TOF Flight length 250
— Aerogel C 'ght fength cm
Lead al PGC Time resolution <100 ps
— Lead glass (PGC) Mis-ID probability 7x 10+
TOF2 -
cay |IB Aerogel C counter
Radiator thickness 4.0cm
— > Refraction index 1.08
ut /et e* efficiency >98%
Mis-ID probability 3%
“* “pec . o  PMT
C2
, Lead glass (PGC)
Aerogel & Radiation length 1.69 cm
:\_‘TOFl e* efficiency 98%
L Target+SFT Mis-ID probability 4%
P__(total)=P__(TOF)xP__(AC)xP, . (PGC) =8 x107 < O(10%)
V@ Michael Hasinoff, UBC PSI-2016 Oct-18-2016 Villigen, Suisse -
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e/u PID — Aerogel Cherenkov Detector

" Momentum measurement of e*, y*
®= TOF measurement between TOF, and TOF,

= e*tagged by Aerogel Cherenkov detector, & PGC

ﬁe (KGZ) - Csl(Tl)
By (K) ~0.92=1/1.087

Estimated efficiency = 99.9 £ 0.1%

DIV=10,DIV2=4

Fresnel mirror
- — L1 __ Height
o
t W n=1.08
P _
-~ TOF,

Angle 1
K* be a_qm Target

PID performance and detector efficiency can be
measured & controlled using K_; and K ; data.
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TRIUMF beam data
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Segmented Scintillating Fibre Target

For better tracking resolution

« 2506 pieces of — T s

Target IN

o 3x3x200 mm3 Scintillator "~~~ 1 w l

« WLSfibre L=1.4m ¢
« MPPC (SiPMT) readout

e

| HADC|16] {(HADC[19]>1200 8& HADC[23]>1100 && HADC[22]>1100} I htemg
h16 Entries 1006

. Entries 100000 ————————————{Mean 1409
° EAS'ROC electronlcs 7000‘:— -------- T P e S S :::s" ;O‘Tg: _ ..... Bt d [RMS 2214
T OO ST | U S S
 Production in Canada o
4000'_ ........ P --------- .......... .., AL .,,
Three shaped acrylic  *F 17 . e C _ e B s
=/ ot ends of Target sk b N INEN
‘ 1000%........:. L0 O T U O SO N 1 Ly
AR RIRIRINA i
1000 1200 1400 1600 1800 2000 2200 2400

[ PETE PR P B i i
360 980 1000 1020 1040 1060 1080 1100

HADCI[16]

. ross section Noise Spectrum Cosmic Ray Spectrum
Ped +1 pe + Zpe ~ 30 pe/MeV

200 mm

to MPPC

3 mm

WLS fiber 1.0 mm ¢

@ ) ~ 700 mm
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Target pattern analysis

ADC HG.& TDCCst ADC HG& TDC'Clit K-stop

(ADC offseti 50 | 820 < TDC < 860) (ADC offseti=50 {820 < TDC < 860)
0

of
6| 15 L
16| 27 16)
28| a 28
a2 [ |57 42
58] 73 58

Target hit pattern of
typical good event

. EEEZ8 S

n BB

g
.. EEEZ83

288

228 239 228
240) 249 240
250) 255

2504

Run 3994 ; Event 77 N

Blue fibres have only
a LG signal

Run 3994 ; Event 77

Event 77

» Determination of K* stopping point and lepton depth inside the target

* Measurement of lepton emission azimuthal angle to help determine SFT-Z

* Innermost element for 5-point tracking (intersection point of track and K* cluster)
* Inclusion of LG ADC completes the target track ( when HG signal is missing )

» Development of Target Analysis Algorithm is nearly completed

A
”@ Michael Hasinoff, UBC PSI-2016
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Cosmic Ray SFT--Tracking Analysis

File Edit View Options Tools

CveEll_vispidy.w == TARUCI Q1 ori

file Edit View Options Tools
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MWPC Momentum analysis

, Difference between Distance between
* The charged particle momentum . SFThitandtrack  x10® K* vertex and track
is currently determined by 4 point - 2500
tracking (C2, C3, C4 MWPCs %00 E Ii
and target-xy) 20 E Y
£2000 (- Z 1500

» Events are selected by requiring s | .
track consistency with the target, 1000 [
SFT and TOF1 - TOF2 gap J L\ 0 F_N

. . UE.#l il el T Ve -
* The tracking performance will be v, 2cm‘ L A\ Dienrce i xy (-‘cm) '
improved by introducing the :
5 point tracking (C2, C3, C4, 10— 0 E
MWPCs, target, and SFT-Z) 2500 F Euo | _

2000 — -;120 .’;._ -
« Monochromatic peaks dueto K, : ! e b o3 o
and K_, are clearly seen 0 F S 60 by TORZ
“1000 | 8 40 F |

 The momentum resolution o ~1.4% ;22 E éTGT SFT TOF1
will be improved to 1% by 5 L E e E
optimizing the target energy loss " a0 200 20 200 28 "0 50 10 150
correction p (MeVic) Z (beam axis) (cm)

.~ Michael Hasinoff, UBC ~ PSI-2016 Oct-18-2016  Villigen, Suisse W
TRIUMF



Particle ID by AC, PGC, TOF ’

AC ADC

PGC ADC
280 — —

» Positrons are selected by 260
AC, PGC and TOF

280

260

240 :_:;:; bE

E 240 \3
* PID performance by € 220 kiif < 220 | HHH
combining the free
detectors is now being H: ﬁ FIIIGEERRRRIEIIiiiils
imi 180 12538 B85 180 (- ;;gsgaggsagnzeg:::: .....
optimized B FHEH | HEHHEE
60 BiEE RasEafniiiiiify o0 b iitEEgERRESTIIiiiN i
0 1000 20007 .’-/000 0 200 400 600

* Suppression of ACADC (O | . PGCADC (a.n.)
muon mis-identification > G, PGC required
below O(108) level '
achievable with refined
analysis Z)

......

g
N
3.

......
------
L LIO0c caceasess
..................

oo

2 240 [Nt

o TOF time walk correction has
not yet been applied

Pcor (Me

» Refined analysis of PID

160 il

: 160 | Laiiimiinnin SR
perforrnance In progress T T M VPR PO R B S e P I S POl B PR M- - v e e M B M

10000 O 10000 20000 30000 -10000 O 10000 20000 30000
M (MeV/c): N (MeV /)’

L Michael Hasinoff, UBC  PSI-2016 Oct-18-2016  Villigen, Suisse
TRIUMF




20

Csl(Tl) Pileup Analysis

Crystal length 250 mm — Shaping amplifier VME-FADC
Number of crystals 768 = (25 'V”;Z | )
: ° new development
Segmentation 7.5 C(T) PINPD  Charge
Coverage ~75% ampliier =15 us
Readout PIN diodes -t
Maximum rate ~200 kHz : T s : T s
500. :: 500.2 zooou: : _;:l—-&uouu:
46730404 251 03 Amgl 5 14dkee04 26528
Muon holes £ ot crammans P topreye
+ + _QC" : " 1203 2007217
e, N % o
a !
= [
3
o
0.‘.;1&)...‘2!”....3:”....‘5”....5&’.; c‘.1‘1&‘;‘.2&.L‘;3{”A“L‘{”L‘AA$ID‘;

FADC ch [1ch/40 ns)

» possible to separate with FADC
» has been implemented successfully

Detection of photons from K* — y*(e*) vy from IB+SD
Detection of e*, e from dark photon (A’) decay

KH Csl crystals

@ Michael Hasinoff, UBC PSI-2016 Oct-18-2016 Villigen, Suisse
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Acceptance: K ,/K , ratio method

The K , and K , yields are obtained ( ) ( )
using data with 20 magnetic field K2 (236 MeVic) | Pe=230 X By /B [ pleV//c]
settings (1.35--1.53T), and the

acceptance ratio is derived.

We assume that the spectrometer
acceptance (Q) can be described by a \

polynomial function of the effective
momentum, P_.= 236 MeV/c*(B,/B):

Q(p) = apgt a,p + ayp* + ayp° + a,p*

Parameters a, - a, can be determined T
from the 20 measured ratios by fitting.

Small effect due to magnet non- !
linearity will be corrected with MC :
simulation. j

205 MeV/c 247 MeV/c
236 MeV/c p
eff

Michael Hasinoff, UBC PSI-2016 Oct-18-2016 Villigen, Suisse 21



Preliminary results -- K ,/K , ratio method |
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Dark Photon search using &

20000 E

K* > " e* e vevents ] - L_%J

cos 6(y1, AC)

e We can measure K*> {* e* e” v decays 50000 £
by the Toroidal spectrometer () and the ggggg ] ]
Csl(TI) calorimeter (e* e7). 3320008 1- SNVINTSWES.

e e*and e areidentified by the aerogel cos 012, AC) A
Cherenkov counter surrounding the K* 14 F %&
stopping target. 0k ?/\/\\\\

e Main backgrounds are K*=> £t i v and 0F QQ\
n'> ete y 8

6 |

e Dark photon A’ through K*> £+ A’ v s

> £+ e* e” v process can be studied. : { %
2

. 0 100 200 300

@ X mass in CsI(TI)(MeV)
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Summary & Outlook

The TREK E36 Collaboration has completed a Lepton
Universality Experiment at J-PARC

. KezIKuz ratio measurement to test lepton universality with
the best sensitivity available using stopped kaons

« Search for dark photon / light boson

* Analysis currently in progress

Calibration, CsI(Tl), PID, momentum and TOF measurements

NEXT Measurement of the T-violationg transverse muon

olarization in K . deca
P s ECAY TREK »

* E06 experiment @ J-PARC (~202x)

* Requires Hadron Hall extension

decay plane
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