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SM [—decay Beyond SM [—decay

V — A interactions S, T interactions
Left — handed Right — handed

Time Reversal Conserving Time Reversal Violation

Will Discuss:

S interactions
Right - Handed v

Time Reversal Violation
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p-decay rate (Jackson, Treiman, Wyld 1957):

dW =
p3 - pu ['me J . Dp 129 P3 X D
dWo(1 + EﬁEV%V + B b + 7 [EﬁAﬂ + EVB” + E4E, D]
+C[2f@ pv (3 J)(pw - J’)HJ(J+ 1) =3<(J-j) >
3E3E, EgE, J(2J —1)

Allows for: V - A, Scalar, Tensor Interactions

Left, Right-handed currents

Time-reversal violation

agy, b, ¢, Ag, By, D: values predicted by the Standard Model
Recent review: S. Severijins and M. Beck, Rev. Mod. Phys. 78 991 (2006)

Measurements feasible using Atom traps and Radioactive
Beams.
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& = [Mpl(ICsl* + [Cv[* + |CG* + [CVF) + [Marl*(ICT|* + |Cal® + |C7l* + [C4[)

2
s = IMEP(-IOS + [0V = (O + 1C ) + TR O — eap + 1042 — [C4)
b = £2Re[|Mp|A(CsCii + CLCL) + | Mer|*(CrC% + CRO™)]
€ = [MarPAys(1Cr ~ 1Al + ICH — |C4 )
Agé = 2Re|E|Mar|* Ay (CrCl — CACY) + 650 7|Mar||Mp|yJ/(J + 1)(CsC:
LG~ CiCl — L)
B,& = QRQHNQWFAIA§%XC&CQ—kC%Cj)i(C&C?—%CQCQH

e

—8 g Mar||Mp|\J/(J 4+ 1) x [(CsCF + C5Cq + CyCly + C.CH)
%ﬁ@%+%%+@%+%@m

‘] / /% * / /%
D¢ = 2m{3,,|Mp||Merl, 7==(CsCt + C5CF = CvCl = CyCl)}

1, JoJ =J—1
)\J/J: Jil’ J—>J,:J
J _
Y
1, J—=J=J-1
Ny ] 21 JsJ =]
7 J(2JJ—+1%, !
2J+3)(J+1)’ J—=J=J+1

C;: Interaction Amplitudes (complex)
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Cy = gv(ags +arr+agr+agry) Cy = gvlapy +arg — apg — apr)
Cy = galary, —app+apg —apy) Cy = galapr — apg — agrg + agy)
Cs = gs(App+ App+ Agrr + Arp) Cs = gs(App + Apg — Apr — Anp)
Cr = 2gr(apr + agrg) Cr = 2gr(ar; — agp)

g; : Hadronic Form Factors a;; : Chirality coupling constants 7 : v j: quark

Standard Model: V - A,
left handed

gy = 1, ga = -1.27 (n decay)
arp = Viagyp = 8- 1070GeV 2
aijy Aij, iy =0 1,5 # L, L

2

1
ZJV 8 v Y= Cullar
c =iy
1+y?
An — FA g 51=20 7 1y J/(J+1)
“d - y2+1
. B =20y J/ U+
v y?+1
D,R=0
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Limits on Scalar Boson Interaction

dW =
R mey S PB P Pj X Dy
dWy(1 + EBEV%)” — Eﬁb -- [E5A5 + EVB” + EsE,
roPB P _ (05D py-3), I+ =3 < (- j) >
3E3E, EgE, J(2J —1)

For pure Fermi 07 — 0" decay 3 — v angular correlation:

PO)=1+ i aﬁyv—ﬁcos(H)
C

kg
2 S
S92 S 12 Relarra
ag, = 1—4% (Jaf? +1afP) b= =g A

of =ApL+Arr ok = Apr+ ARL

SM: b = 0, ag, = 1.0.
Cs+ Cg < 0.001 in MSSM, Profumo et al., PRD 75 075017
gs = 1.02+ 0.11 Gonzalez-Alonso and Camalich PRL 112 042501 (2014)

D
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Measurement of 5 — v Angular Correlation

_|_
i 3Sm 6; 38 Ay

Q(33MK) = 5.02234(12) MeV

B, = 130.4(3) keV
7636(18) min 3+ 4 9239(6)msec  OF

T 38m +
3.9367 ®K B I 9 K B
38102 | 2" 3_0.151(12)% 5.88(3)
3.3775 e |_|_O0— A <00019%
S
HEE
2.1675 [ SV Sy 27 99.849(12)% 4.97(2)
X ox
S I
r YOt > 09.9981%  3.49(2)
?l)g Ar PM. Endt, Nucl. Phys. A633 (1993)
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ISAC at TRIUMF
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TRINAT DOUBLE MOT TRAPPING SYSTEM

~— 15cm —— = 55 cm >|<—15cm —>

Funnel
beams

Neutralizer

/
Bdetector %g\

L Trapping beams

|

|

Collection chamber Detection chamber

95% **8°K* (t12= 7.64 min) + 5% **™K™ (t;2= 0.924 s)
neutralization of *®K*
vapor cell trap

108 Torr

0.1% of **™K trapped
75% of trapped **™K moved

100% **™K, ;2= 0.924 s
retrap from atomic beam
3-107* Torr, t;P=30's
0.75 mm FWHM trap size
2000 atoms in trap

photoionization of **™K
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TRINAT DETECTION SYSTEM FOR MK DECAY

S Collimator
DSSD
N , A.ow vacuum volume
x )
|, E 1 :
VvV &= i v 20
: e” | M Scintillator | 5
Art NG °
_ z =
4 20
]
Ar® .
Recoil i i
detector
Collar

|
|
|
|

— - - —r  High vacuum volume

Elecrtostatic hoops

High recoil collection and detection efficiencies due to E-field
Coincident detection of e™ and recoils back-to-back

Position information both from e™ and recoil detectors

Possibility to measure p. and p...c0it and using them to determine p,..
Chamber geometry suppresses recoiling ion detection from

decays on walls and electrostatic hoops
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Results: A. Gorelov et al., PRL 94, 142501 (2005)

1m V 10°
PO)=1+ b1 + aﬁy—ﬁcos(e) 5 ]
EB C §1o* 4
Ehn
ey
For |b| < 0.04, (E3)=3.3 MeV P
) 400 s00 ngo[ | 700
Define: % ‘; T ]éégsr;s‘t‘rﬁ‘c‘t‘e&w&é;yj “““
~ a §1?\HHHHWHHHH.:MHHHHMHH’
a: % g 18 3 ‘\\ | | _____ Z::I[‘)eg;);l shake
b o3
~ +0.0032 l§*5 E R L S S
a = 09981 + 0.0030_0-0037 g - 70‘5 » )O.‘O 0‘5

In agreement with the Standard Model.

Mg > 250GeV with gg ~ 1
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Summary of results for a

B—v correlations

1.05 1 -
6He N 38mK
1.001— T
SZAr
O 0.95- -

.. 15,1

0.90 Ar

00 02 04 06 08
1/ (1+ (GT/F)2>

32Ar: E. G. Adelberger et al., Phys. Rev. Lett. 83, 1299(1999)
ssmK: A, Gorelov et al., PRL 94, 142501 (2005)
2INa: P.A. Vetter et al., Phys. Rev. C77, 035502 (2008)
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Limits on Scalar Interaction
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Limits from the LHC: pp ¢ + mp + X

10 Total LO cross-section, pp, Vs =7-Te\f
£ 10° T —
; gl . T ey
10° =2
1 E 104 . e, Mg -
= 1w My o
107 LT
- ---...-..,_..'
g '-..--n..-..-
H’: [= o = o ee oo I
A0 10 1.2 4 16 18 2.0
mp[TeV]
CMS Col. JHEP 08 (2012) 023 V. Cirigliano et. al. JHEP 02 (2013) 046

Data accounted for by known procecces (W,Z ete. decays)

a(mT > m—T) = f(O'@', CLZ'J), 1,] = V, A, S, T, L, R

Upper limits from data at my = 1.2 TeV on a; ;. For Scalar: |a?|, |a%| < 1.3-1072

Problem of scale in comparing with 5 decay.
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Observables with Polarized Nuclei

dW =
P3P I'me J . PB 129 pg X pu
dWo(1 + EBEV ag, + Eﬁb + b [EﬁAﬁ + EVB + E,E, D]
R (03 - )7 -J')HJ(J+ 1)—3< (] ))> >
3E4E, EsEy J(2J —1)

Asymmetry = g(T) +g< iy

J | [75 = measure Ag (3 singles or coin. with recoil)

JL Py Py=Py—Fy = dW o B,Pp+ D0
Measure B, from Recoil Asymmetry in Py | J plane

Measure D from Recoil Asymmetry in ij 1 J plane
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Right-handed Currents

Wi >= cosC|W7; > —sin(|Wy >
(Wp >= sin(|W1 > +cosC|Ws >

Define: =z = (ML/MR)2 —(and y = (ML/MR>2+C

A= gaMgr/9yMp

X A1 —1?) 3(1 + 22)

Ay = (1
B 1 siey?) T sy
5o 2 A1 — 42 (1) 3(1 + z2)
" IE 2 [5(1 4 D) Y5010+ 42)

)ZZJ
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Measurement of 5 — r Angular Correlation
+
in Polarized 'K 6—) 3T Ay

Q(TK) = 5.1265(15) MeV ~ 1226(7)s 32"
B gt

3.6020(7) 32" 0.022% 4.96

2.7961(3) _|___ 5/2"  201(1)% 379 Mer/Mp = —0.5874(71)
Severijns et al., PRC 78 (2008)

LY 32 oT80(1)% 3.6
?gAI' Hagberg et al., PRC 56 (1997)
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Coefficients of 5 — v Angular Correlation
_|_
in Polarized 'K B—> 3T Ay

Calculated with the Standard Model assuming
AN=gaMeaor/gyMp = —0.5754 + 0.0018

Maximal Parity Violation

observable| ag, Ag By c
value 0.6683 —0.5702|-0.7692 0.1990
error! 0.0013 0.0005 | 0.0013 0.0008

I Due to error in \

b=D=Rgy,=0
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Optical Pumping

355 nm
photoionization

2 = polarization axis
= phoswich detector axis

z = MCP — [-telescope axis

. 2%
can monitor
atomic ﬂuorescence
via photoions
Y
Be foil | P B f // //
F=IT+7J //
1=
J=3 S S @ -— %
o Sl e
Bop =25 G -k
mp = —2 —1 0 1 2
Searching for Right-Handed Currents in the B-decay of Laser-Cooled, Polarized 37K @
TRIUMF AGM Dan Melconian Dec. 8, 2004
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Determination of the Polarization

N
0y
o
o
?I I

: f
. § 2000 - 5
d 2 1500 ] ;
T 5 1000 -
2 & 1207 7Y T T
s 80 -
40 7 ¢+
ot '

MOT light [mwmwm j

O.P. light 1 |nsm [

0 1 2 3 4
cycle time [ms]

Photoions detected in MCP Trap Cycle
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Measure B, from Recoil Asymmetry in © — z plane
Measure D from Recoil Asymmetry in y — z plane

™ R P B R N B

'J? 10 |B =(0ssez007)p™ | | p=0 _
YY/47 =110 ¥2/48 = 121

Uil - i

1 00

b 05 -

+| .

S -10 V71— L B BRI

-15 05 05 15-15 -05 05 15
z position [em] y position [cm]
By, = 0.755 4 0.020(stat) £+ 0.013(syst)

D. Melconian et al. PL B 649, 370 (2007)

D: test only
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NEW DETECTION CHAMBER FOR 3K

MOT/OP beams

DL80
recoil detector

Position sensitivity on all beta and recoil detectors

Larger beta and recoil detectors will improve statistics

AC MOT will speed up switching from MOT cycle to OP cycle

Improvement of a weak magnetic field during OP will improve polarization
Coincidences with shake off electron MCP will reduce background for competitive
measurements of beta asymmetry
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Commissioning experiment (Dec. 12)

AW = -
P - bv ['me 12 12 P3 X P
dWo(1l + a b+—-[ Ag + 2B, + 1
’ By, T By J B P B, " BBy
—|—C[p5 pV _(pﬁ )( Vj>][J<J+1)_3<(J])2 >])

Asymmetry = ER;;&B

Ag = —0563 £ 0.009, PRELIMINARY
Nuclear Polarization (Dec. 12) = 0.99 + 0.01
R.S. Behling, PhD thesis Texas A&M (2015)

Nuclear Polarization (Jun. 14) = 0.9913 + 0.0008
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1.25 -
Asymmetry as a Function of Energy Left in the H
g Scintillator Shown With A Fit to Geant4 Simulations 2l AfAy T=1/2
? Data Source
m Geantd - 115 —
g m Experiment ®
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== L |
Eg_ 1.05
£ | |
) N i ¢
g 0.95 - * T
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09 -
T3 L L
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Projected Limits on Right-Handed Currents

1000 _ 9; '@
goo { ! Gk
. 600 -
> —
8 all t0 0.1%
b 400 avg of nucle:
3

neutron decay

200 ! ! ! ! | ! 1 T T | T T T T I T T T T

-0.10 -0.05 —-0.00 0.05 0.10
mixing angle, ¢
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p-decay rate (Jackson, Treiman, Wyld 1957):

dW =
pj - Dy ['me J . Dp 129 Pj X Pu
dWoE(1 + EﬁEy%” + Eﬁb + [EBAB + E,,B” + ELE, D]
+C[176 -y (- 0) vy 'f)][J(J+ 1) —3<(J-j) )
3E5E, EgE, J(2J 1)

With ($ polarization measured:

—

I'me Pe ,J -
dW = dW 1 b —(—A
of (1 + E +E€(J + 0.G) +
LoJ pe  J pe J e
JINy e (2 Pe Y Pep
e 1 +Ee+m€<J Ee)Q+JxE€ )

agy, b, ¢, Ag, By, D, R: values predicted by the Standard Model
Review: S. Severijins and M. Beck, Rev. Mod. Phys. 78 991 (2006)

Measurements feasible using Atom traps and Radioactive
Beams.
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Theoretical Expectations

Within SM D, R ~ 10712

Beyond SM: Calculations based on EDM limits:

D - using left-right symmetric models: ~ 107° — 3 x 1077
Leptoquark exchange models: 3 x 107

R - using Scalar Interactions: 1072 — 107°

EM Final State Interaction: 10~% — 107
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Experimental Limits from  Decay

D - YNe B decay: (4+8)1074
Cold Neutrons: (—0.94 £ 1.89 £ 0.97)10*
Cold Neutrons: (—2.8+ 6.4+ 3)10~*

R - 0. in LI decay: (1.6 42.2)10*

Cold Neutrons (4412 +5)1073
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TRV Experimental System

Very Large Detection Acceptance

Ton MCP: 100% acceptance for all ions, E = 1 KV /cm

Positive Polarization
All

54 s
«10 x MCP accepted by g

All

5
y MCP accepted by g

Negative Polarization

All

e

2 5 4 5
y MCP accepted by g
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TRV Results for 200M decays D <4 X 104

9004 1 ¥/ndf 25.97 ,/ b6
;b; i AO —0.6082E—04
- i A1 —0.7792E—04
= — —
)003 L :(0,8 i 4’>X/“O 4
] L
le . e Allions,g >0
&+ L
L B 40M g > 0 events
0.002
i Fs * e
0.001 -
i -
B ‘° @ @
[ @
L -@-
0 re— N * o @
[ @ @
L A . hd re
L @
-0.001 — A
i s
@
7\ ‘ L L L L ‘ L L L ‘ L L L L ‘ L L L L ‘ L L L L ‘ L L L L ‘ L L L L ‘ L L L L ‘ L
-1 -0.75 -0.5 -0.25 0 0.25 0.5 0.75 1
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SUMMARY

e Studies of 5 decay of trapped radioactive

nuclei provide constraints on the Standard

Model, complementary to measurements
with HE accelerators

e Next generation experiments will provide
tighter constraints
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