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Outline of 2 lectures

= Standard Model
— Very basic introduction
— Recent changes
*  Fundamental interactions at low energy
— General approach
— Symmetries, conservation laws
— Nuclei as laboratory
— Tools = traps —
— Detailed look at present and planned work
— Superallowed Fermi decay
— Angular correlations in B-decay
— PNC in atoms
— EDM
— Others ...
=  FRIB and fundamental interactions

2nd lecture
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Standard Model constituents
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Fundamental particles and interactions

force carriers
spin =0, 1, 2, ...

matter constituents
spin = 1/2, 3/2, 5/2, ...

FERMIONS

Leptons spin =1/2

BOSONS

Unified Electroweak spin =1

Quarks spin =12

Strong (color) spin =1

Flavor
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Resulting composite particles

Mesons qq Baryons qqq and Antibaryons qqq

Mesons are bosonic hadrons. | Baryons are fermionic hadrons.

There are about 140 types of meszas. There are about 120 types of barycas.

Quark  Electric = Mass : C . Quark Electric = Mass ;
content charge | GeV/c? =0 OIﬂpOSlte Symbol  Name content charge GeV/c? il

particles must be
colour neutral

Symbol Name

proton

anti-
proton

neutron Udd 0
lambda | UdS 0

omega

Structure withi
the Atom
Quark
Size < 10"9‘m

Composite particles
are mostly “fields”
... distinction
e between particles
B R and fields not so
simple.

~ Neutron
E. and
~ Proton

Atom Size =~ 10713

Size =10710m
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Recent SM update --- Higgs boson alscovery

actually not an update, more of a confirmation ... fully
consistent with SM

July 2012: Observation of a New Boson
e Observation of a New Boson on CMS: 5o excess
X = ZHzH) X =9y
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Recent SM update --- Dark matter and Dark Energy
The Standard Model only explains 5% of what makes up
our universe

3 . TTT l 1] l [
No Big Bang
2 -
S galell
i '
QA \ - ” : . b |
N - ' s
\\ ¥ ._.- ] 1 L
0 \\\ e . ) E> o - 8 T'ree Hydrogen
\_\ ollapses eveniiet 4 i t and Helimm:
Clusters \'\ (s "f;;:.:_i o ' o 4%
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=1 ?ooo N “Ca—  Dark Matter:
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11l I ! e valasuy
0 1 2 3
Quy unknown ... Dark Energy:

outside SM? T
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Recent SM update --- Neutrino oscillations: Solar neutrinos

<E>=0.27 MeV

86% 14%

SHe(®He,2p)“He *He(c,v)"Be
14% 0.02%

E=0.39,0.86 MeV

<E>=6.74 MeV

Be(e | v)7Li "Be(p
ppl 7Bel 8Be "Li(p,a)*He
ppll Y
pplll 6L ZLi
5 3 - \
— Stellar burning
1 10 [2H
Total enerqy lost to neutrinos : 2.3%
1 2
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Recent SM update --- Neutrino oscillations: Solar neutrinos

 Chlorine | SuperK, SNO

(Gallium
1012 ; r I

F Bahcall
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° Guy Savard, Argonne National Laboratory EBSS2016, July 2016 9



L
Recent SM update --- Neutrino oscillations: Solar neutrino
detection

« 1964 John Bahcall and Ray Davis have the idea to detect solar neutrinos
using the reaction:

Cley,—"Ar+e”

» 1967 Homestake experiment starts taking data

4850 feet underground

« 37Ar extracted chemically every few
months (single atoms !) BIEL :
and decay counted in counting station (35 &= &
days half-life) A1 4
 event rate: ~1 neutrino capture per day !
» 1968 First results: only 34% of predicted
neutrino flux !

solar neutrino problem is born - for next 20
years there is no other detector !
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Recent SM update --- Neutrino oscillations: Solar neutrino

detection

1
0.9
0.8
0.7
many more
experiments over the
years with very
different energy
thresholds:
all show a deficit vs
standard solar model

0.6

0.5

0.4

0.3

0.2

0.1

0

Homestake SAGE GALLEX GNO Kamiokande Super
Kamiokande
\— _ \\ J
h'd Y
v, only all flavors, but

v,,v, only 16% of
Ve Cross section because
no CC, only NC
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Recent SM update --- Neutrino oscillations: Solar neutrino
detection
Water Cherenkov detector: ‘

U+e—>u

high energy (compared to rest mass)
- produces Cherenkov radiation when
traveling in water (can get direction)

neutral
Z current (NC)

Ve W- Ve charged
current (CC)
e e-
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Recent SM update --- Neutrino oscillations: Solar neutrino

Possible explanation: neutrinos can change flavor while traveling from sun to earth

SNO solar neutrino experiment

three reactions in heavy water: =
_ o
cc U, +d——>p+p+e (onlyv) | = o

ES v+ ——vuv+e

detection

GRS T & ARG o Ll 5y i
gl 4 e .

=it ring e
(mostly ve] N\ = — %

lect L "
neutrina
(V.neulrino \
NG v+d——>p+n+ov  @lv) | o T
@ T @
Deuteron @neutrun
— »
M_,_% cl
y'/fscw\y
\ z Z
signature: ¢ NC independent of flavor - should always equal solar model prediction

if oscillations explain the solar neutrino problem
* Difference between CC and ES indicates additional flavors present

Guy Savard, Argonne National Laboratory EBSS2016, July 2016

13



Recent SM update --- Neutrino oscillations: Solar neutrino

detection

T Other
¥ [ flavors

Total neutrino flux
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Recent SM update --- Neutrino oscillations: Reactor neutrino

KamLAND

(.1 1 10 il
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Beginning of era of precision neutrino physics
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Recent SM update --- but not all is perfect in neutrino land

(1 - L3 Daya Ba
Reactor Flux and Spectrum “Anomalies b"
Flux Deficit Spectral Deviation
Consistent with previous experiments 3 =
20000 — - - —
1.2 ——rrry ————ry £l e - Tt
= [ Reference Model: Huber [3 isotopes) + Mueller (28] - o - - -
% : : 1 15000 - -+ -
- l S - .
g ’ o Ll il } I = 1paco '1.
~ [ I == Previous dala ] B - X = 408,22 =
§ DEl= +r:'l;lzfi -] p-value = 0U00% *
B — Wikl Average i E000 — = M -
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Frompt energy [MeW]

More data needed to better

understand these observations New feature in 4-6 MeV region of
spectrum. Seen by Daya Bay,

Double Chooz, and Heno.
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Recent SM update --- Neutrino oscillations: Neutrino mass

status
3
vsm v, AT } ,
vzl ol
ﬁl"ﬂ{ltm or
(Mass)? ’ﬂm{nm
1 }ﬁmiml ¥
v, izl | v RSN
Normal Inverted

""._-l | th'i Al \‘I_ll- | I""||i ‘1: III]]]]] I"Ifl LITi Al
Don't know yet absolute offset for m:

<mﬂ>=Ji|uei 2 m? <2.2¢ev (direct searches from tritium B-decay)

>'m <(04-1.0)ev (cosmological data+model)
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Recent SM update --- Neutrino oscillations: Neutrino nature
status

Neutrinos not quite like other leptons
* v mass requires addition of new fields to SM Lagrangian

e.g. L~myv vg
» vmass allows v, =v. (Majorana nheutrinos)

Which in turn allows new CP-violating phases:

Uel UeZ Ue3
u=\U, U, U Dirac phase Majorana phases
u u2 u3 _ Al — N
Uz’l UTZ Ur3 - o
1 0 0 cosf, 0 e“rsinf,| (cosf, sing, 0] (1 0 0
=0 cosf,, sinb,; |x 0 1 0 x| —sinf, cos@, 0[x|0 e“? 0
0 —siné,, cos@,,) (—e“~sinf, 0  cosé, 0 0 1)\ o0 7

. o A L s A L — A b
reactor and accelerator SMNO, solar SK, KamLAND

atmospheric, K2K
S sin2 Boq sin? 13 Sin? 75 19



Recent SM update --- Neutrino oscillations: Testing neutrino
nature (Majorana vs Dirac)

ex Vi, Vi re | € 1 t e

2vBp vs. Ovpp

A

| |

| |

| |

| |
T S

- 2 Nyclear matrix element (~ OK)
L, =6, VII 2V| l Phas space (OK)
T1/2 oC m
(mﬁ) Z|{ ”| m; o | m’
| Mass is mlxed average

observed  not seen yet < ) | |
m; &;
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Recent SM update --- Neutrino oscillations: Testing neutrino
nature

_ 2 2 2
Cosmology 2 mip+my + ms3 5’”" = mj —mM;  Qscillations

Beta decay <mﬂ/— Z|U | m |

ﬂﬁ/ = | m; & Bp

Absolute Relative Mixing CcP
Mass Mass Matrix nature
Scale Scale Elements of v

BB v~ v~
B,cosm \/
Oscil. ‘/ ‘/

Slide by S. Elliott
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Standard Model as it stands now

The Standard Model has been very successful at describing the world
around us 1n terms of its basic constituents and interactions.

Recent changes have however made the number of free parameters in the
SM grow to at least 26:

12 Fermion masses: m_m,,.m_neutrino masses, quark masses

2 Gauge boson masses: MZ and My, (2 parameters)

2 Coupling constants: Ol ,. jectroweak

2 Vacuum energies: Higgs mass, 05cp

4 quark mixing angles (812 ,813,823,6(}}) Cabibbo-Kobayashi-Maskawa

4 lepton mixing angles (8,.,6,,,.8,,..0) (neutrino oscillations, etc.)

more 1f the neutrinos are Majorana particles or if sterile neutrinos. It does
not tell us what dark energy 1s and cannot accommodate us being here (not
enough CP violation to explain the dominance of matter over antimatter).

A more complete (and elegant) scheme must exist.
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Low energy tests of the Standard Model: accurate

physics in an inaccurate system

The nucleus is a complex quantum system not generally amenable
to an exact description.

However, by a proper choice of nuclear system and observable,
specific physical processes can be isolated and determined to high
precision.

e.g.: 0" to O* superallowed decays or PNC in atoms

Requirements are:

*An identifiable and separable observable (e.g.: a P-violating signal
in an otherwise P-conserving experiment)

*A suitable laboratory (nucleus where the specific observable is
enhanced and unperturbed)

*The proper experimental tools

o Guy Savard, Argonne National Laboratory EBSS2016, July 2016 23



Testing the Standard Model at low energy: use the

symmetries

For H an Hamiltonian obeying a symmetry S :
[H,S] =0
If |[#> is an eigenstate of H with eigenvalue E, then
(HS-SH) |[¥>=0 2> HS|¥Y>)=E (S |¥Y>)

Thus S|¥> 1s an eigenstate with the same energy E and if the
spectrum 1s nondegenerate, S|¥> = s > with s a number.

- |W¥> is an eigenstate of S if H obeys the symmetry S.

You can learn about the properties of the interactions by
studying the wavefunction properties.

o Guy Savard, Argonne National Laboratory EBSS2016, July 2016 24



Symmetry example : Parity

Under the parity operation: Parity Mirror
*r>-r
*p>-p : R}
° rxp =2 rxp ‘ S;
e J>)

If you call the two states |Wr> and |¥ >, neither is an eigenstate of an
Inversion symmetric H. The proper states are:
|¥s> = (2)12 (¥ > + |¥r>)
|¥,> = (2)V2 (|F.> - |¥R>)

Madame Wu’s experiment:
Polarize °Co and look at the direction of the emitted f’s.

In a parity-symmetric world we would Thi
see as many electrons emitted in the
direction of J as opposite J. P.

not
S
observed!

P
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Other useful fundamental symmetries

Other useful fundamental symmetries:

* P (space reversal)

* T (time reversal)

 C (charge conjugation .... particle <-> antiparticle )

« CP ... mustbe broken for us to exist

« CPT ... this one must be conserved ... Lorentz invariance

° Guy Savard, Argonne National Laboratory EBSS2016, July 2016 26



Other symmetries can be useful ... even the non-
exact ones

A useful approximate symmetry:

* ISOSpIn
up and down quarks form an isospin doublet

\u>:@ \d>:@ with 1°]d) = |u)

o =3939575  =(g) I=[]] i -lp

nucleon E 2 2 - 2
*isospin symmetry fairly good in light nuclei (broken by E&M
and somewhat by nuclear forces)

L N, . ‘
| |
- 04,7 ninsnss ‘
12 $3./ i !
29 ()= W37 cossnsssiinid
_12.64 |
) 5 SLis2n 11.747
0.445 ],‘;(‘i’) e 1124 et p+n 01 10.6758
He + 1 ) A - . 9.522 9,570, .9754 7712_.-9«{,«/////«@% *Be+n ks
. = 87577 .5 27
He He + d 87577 AR 877 B 221
7.2499 7454 1 - iy
"Li+n 6604 3 i
‘He + 3p
4.652

2.467
3
He +1

r.l T
047761 T 0.4291 I
L B =

7 .’ = 2
Li 7Be

27
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Testing fundamental symmetries at
low energy: the laboratory

Symmetry studies |
in Francium |

We'_itieraciﬁo'n
studies in
N=Z nuclei

Specific nuclei have advantages: good isospin symmetry, enhanced
effects because of relativity or deformation ... just by statistics, you
would expect most of the best candidates will be radioactive.
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Testing fundamental symmetries at low
energy: traps ... the precision tools

Traps allow the confinement of particles in a well-controlled
environment, free from outside perturbations, where they are
available for precision measurements.

A large variety of traps is available:

- Penning trap - Radio-frequency trap
- Optical trap - Magneto-optical trap
- Magnetic trap - Cyclotron trap
Dipole trap
FORT trap

Conception of experiment:
Physics

1

Observable

1

Trap

Guy Savard, Argonne National Laboratory EBSS2016, July 2016

29



Measurements in traps

Traps can be used as a storage device where the intrinsic properties of the confined
particle can be studied under optimal conditions

- Or -

Information on the captured species can be obtained from the eigenmodes of the
trapped particules in a precision trap

Guy Savard, Argonne National Laboratory EBSS2016, July 2016 30



Most simple trap: 2d-confinement of cHargea part|c|e In a

magnetic field

*Constant axial magnetic field

B *particle orbits in horizontal plane
— @5
. =,

free to escape axially

° Guy Savard, Argonne National Laboratory EBSS2016, July 2016 31



Most simple trap: 3d-confinement in the Penning

trap
R «Add an axial harmonic electric
B field to confine particles

eaxial oscillations:

eV
md’

*Radial motion split into two
components by electric field:

w_ =

—®, : reduced cyclotron freq.
—®_. magnetron frequency

with:

W, T O = O,

Can trap any charged species!

o Guy Savard, Argonne National Laboratory EBSS2016, July 2016 32



Early on-line Penning traps

ISOLTRAP at CERN

... how a lot mo

Guy Savard, Argonne National Laboratory

EBSS2016, July 2016
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Uniform
RF field

RF focusing(1)

1 V, cos Ot
||HH ! Y epere

/

A Basic harmonic motion
\ Z mZ =F, (t) =eE,(z)cosQt

Z(t)=z +d(t)

d(t) =—d,cost mQ’

m <F (t)>,=¢eE,(z) <cosQt >=0
' >t

N— /
/ No net force when averaged over full RF cycle!

Guy Savard, Argonne National Laboratory EBSS2016, July 2016
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Non-Uniform
RF field

A7

RF focusing(2)

...... -
T by T V, cos Ot
\\\] / T Y e e+ 552
mZ=F' (t) =eE,(z)cost
Z() =z +d'(t) ] _eE(2)
w "t d'(t) =d(t) =—d, cost L mey’
<F' (t)>,= e(an_(z)j <d'cosQt >= s gz)(an_(Z)j
0z 2mQ 0z
am] \_,, " __eavps _ _eEX(2)
& " AmQ?

Positive and negative charges attracted to regions of lower RF amplitude!

Guy Savard, Argonne National Laboratory EBSS2016, July 2016
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Guiding/trapping structures

Penning
Trap

cyclotron

7 motion micro motion —=n

oxial oscillation secular motion
magnetron motion

Pseudo Potential
[ - o2 r/ro

RF quadrupole RF hexapole

Centipole
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Optical traps: spontaneous scattering light force
... resonance and repetition

'y 2 5

,v\/—’_;/\/em-/_;/\,» <« N\ - oAfa\/\/»
Laser Beam ) % ﬂx
Krypton Atom:
1s: -- 2pgy Wwavelength = 811 nm Single photon kick ov = 6 mm/sec

Transition rate ~ 1 x 107 /secAcceleration ~ 6 x 104 m/sec?

Resonance Requirement . 1
A VAR

— T ~10 MHz

Scattering Rate oc Force

fL =1, Laser Frequency f,

o Guy Savard, Argonne National Laboratory EBSS2016, July 2016 37



Optical traps: requirements

Trapping osition Cooling
F=-kx /fy’epena’enf F=-av
\/ .
Q. —
Magnetic Field B(x) Atom Velocity
fa(X) f (V)

Zeeman Shift A Trap with Cooling Doppler Shift

>. -
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Magneto-Optical Trap (MOT)

Raab, Prentiss, Cable, Chu, Pritchard, Bell Lab & MIT, 1987

Ingredients:

om moves toward laser/mirror

atom at rest/moving perp
‘ _Atom moving away

-3
4210 —

ra w
| |

Absorption Proababiity (au)
|

I'~30GHz

aser here
[

Laser beams --- alignment, frequency, polarization;

Quadrupole B-field --- 20 G/cm, anti-Helmholtz;
Ultra-high vacuum --- .., ~ 1 sec @ 1x10 Torr.

Typical Parameters:
Number --- 101°;
Density --- 108 mm’3;

Temperature --- ~mK, <1 m/sec;
Capture speed --- 20 m/sec.

Guy Savard, Argonne National Laboratory

-50 0 50 100
detuning (MHz)

R =[do(v) d(v)dv

EBSS2016, July 2016
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Trappable Atoms

Transition Requirements:

Cycling transition

High transition rate (107 sec?, allowed E1)
Practical wavelength (A > 200 nm)

Deca
Z : Y Forbidden

Excite ;

Guy Savard, Argonne National Laboratory

EBSS2016, July 2016

1 2
H He
36
3 | 4 kr | Demonstrated s 6] 71 8] 9 10
Li | Be B C N O F | Ne
86

11 | 12 RN Trappab|e 13 14_1 15| 16 | 17 | 18
Na | Mg Al | Si P S | Cl|Ar
19 | 20 | 21 | 22 | 23 | 24 | 25 | 26 | 27 | 28| 29 | 30 | 31| 32 | 33 | 34 | 35| 36
K|Ca| Sc|Ti|V ]|Cr|Mn|Fe|Co|Ni[Cu|Zn|Ga|Ge| As| Se | Br | Kr
37 | 38 | 39 | 40 | 41 | 42 | 43 | 44 | 45 | 46 | 47 | 48 | 49 | 50 | 51 | 52 | 53 | 54
Ro| Sr| Y| Zr{Nb|Mo| Tc|Ru|Rh|Pd|Ag|Cd| In | Sn | Sb | Te I | Xe
55 | 56 | 57 | 72 | 73| 74| 75|76 | 77| 78| 79| 8 | 81| 8 | 83| 84 | 8 | 86
Cs|Ba|La|Hf| Ta| W|Re|Os| Ir| Pt |Au| Hg| Tl | Pb| Bi | Po | At | Rn
87 | 88 | 89 | 104|105 | 106 | 107 | 108 | 109 | 110 | 111 | 112 114 116 118
Fr | Ra| Ac| Rf [ Db | Sg | Bh | Hs | Mt | Uun | Uuu | Uub Uuq Uuh Uuo

58 | 59 | 60 | 61 | 62 | 63 | 64 | 65 | 66 | 67 | 68 | 69 | 70 | 71

Ce| Pr Nd|Pm|[Sm|Eu|[Gd]| Tb| Dy | Ho| Er [ Tm| Yb | Lu

90 | 92| 92| 93 | 94| 95| 96 | 97 | 98 | 99 [ 100 101 | 102 | 103

Th ]l Pa| U |Np|[Pu[{Am|[Cm| Bk | Cf| Es | Fm|Md| No | Lr
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N
Two-sigma user’s guide to traps

®* Penning trap
*Trapping potential ~ 1-1000 eV
*Universal
*Precision device
*Space-charge limitation
*Expensive

*Radio-frequency trap
*Trapping potential ~ 1-1000 eV
*Universal
*Storage device
*Space-charge limitation
Inexpensive

*Magneto-optical trap
*Trapping potential ~ peV
*Alcali with good efficiency, others with more difficulty
*Not a precision device, but a great cooler
*No space-charge limitation
*Expensive

Guy Savard, Argonne National Laboratory EBSS2016, July 2016 41



Example of low energy “opportunities”

— Detailed look at present and planned work
— Superallowed Fermi decay
— Angular correlations in 3-decay
— PNCin atoms
— EDM
— others...

Guy Savard, Argonne National Laboratory EBSS2016, July 2016 42



CKM matrix and universality of weak interaction

purely leptonic decay

VL v, se’
W:I:

+ + =
w? Boe v Y,

Gy=G;=G,

udu v. e
/n—> p+e +Vv,
udd

Gy=Gg|V,q/= Gpeosb

y Vv, €
W+ \\v//

/L Kt >n’+e' +v,
Gy=G|V

Guy Savard, Argonne National Laboratory

d’ Via Vs Vap ) d
$"|=| Vea Ve Yo || S
b’ Vi Vts th b
weak rotation mass
eigenstates matrix eigenstates

semileptonic decays

e-l-
\ W

B+ >’ +e’ +v,

ub

us|: GFSineC GV:GF |Vub|
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Superallowed Beta Decay

» Precision tests of CVC
» Determination of weak vector coupling constant and V4
» Unitary tests of the CKM matrix

Basic B-decay rate equation for allowed decay

- K \

2 2 2 2
GvUM |+ 9a[Mer] )
Superallowed transitions between 0* T=1 states

— 0* =>0*is a pure vector (Fermi) decay within SM
— CVC tells us that all such decays should have same ft value

ft = const.

0+-0+ 9 2
Gy M|

with, within isospin symmetry, | M;|2 = T(T+1) = 2 for T=1 analog states.

Guy Savard, Argonne National Laboratory EBSS2016, July 2016
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Weak interaction rates

Rate by Fermi’s golden rule:

6(E)=[ 7 |, ["p(E)

density of final states strongly influences rate.
* beta decay (3 bodies In the final state):

(with f~E5)

g°|M,
AP = 575 PEF(ZE)(E, ~E)|(E, ~E.)* ~(m,c*)* “dp,
m5 2040 |7
2 — In2 g 3‘7 |f‘ f(Z,EO)
t,  2n°h

* neutrino capture (2 bodies in final state):

_ gz‘Mif‘zF(Z’E) P.E

nh'c’

Guy Savard, Argonne

National Laboratory EBSS2016, July 2016

(o~E?)
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Superallowed Beta Decay

» Precision tests of CVC
» Determination of weak vector coupling constant and V4
» Unitary tests of the CKM matrix

Basic B-decay rate equation for allowed decay

- K \

2 2 2 2
GvUM |+ 9a[Mer] )
Superallowed transitions between 0* T=1 states

— 0* =>0*is a pure vector (Fermi) decay within SM
— CVC tells us that all such decays should have same ft value

ft = const.

0+-0+ 9 2
Gy M|

with, within isospin symmetry, | M;|2 = T(T+1) = 2 for T=1 analog states.

Guy Savard, Argonne National Laboratory EBSS2016, July 2016
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Superallowed Beta Decay

Demonstrating that all such ft values (accounting for small corrections) are constant
tests CVC, puts stringent limits on scalar currents, and yields best value of G,,.

Basic test for physics beyond the standard model

G, together with G, yield V..V, .V,
the V 4 quark mixing element Vi Ve Vo
of the CKM matrix Vi Ve Vo

If matrix is not unitary then we need new physics

Additional Z bosons, Right-handed currents, ...

Guy Savard, Argonne National Laboratory EBSS2016, July 2016
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Experimental inputs to Superallowed Fermi
Decay

We require:
*Q-value 0.1

e lifetime

* branching ratio :t

Goal is for ft value at better
than 0.1%. Last two
measurements are required
to that level, firstoneto 5
times better. All are at the
limit of what present
technology allows.

Guy Savard, Argonne National Laboratory EBSS2016, July 2016 48



Theoretical inputs to Superallowed Fermi Decay

WEAK DECAY
EQUATION

RADIATIVE
CORRECTIONS

T SYMMETRY-
BREAKING
CORRECTIONS

. f={(Z. Qc)
ft = 7oz | t=[tw BR)
G,/<1> G, = coupling constant

<T>=matrix element

{=— fl:1 +E‘§|*H+ } ﬁ; =’{z1 I'I:“J'-l:c}
G, =G, (1+A)

Ay = ’{interactinn}

<T>"—2(1-.)

K

cve |Ft=ft(1+5,+5.)(1-5)= CONSTANT

2G, (1+ Ap)

Guy Savard, Argonne National Laboratory EBSS2016, July 2016
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Superallowed Fermi decay candidates

8 “golden” cases:
140 to >*Co

esuperallowed Fermi
branch > 99%

Mumber of Protons, £

*daughter is a stable
nucleus

*And a whole bunch of

g00d but difficult cases

Guy Savard, Argonne National Laboratory

2.n 3.n 4E|
Mumber of Neutrons. N

EBSS2016, July 2016
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Precision measurements --- lifetime

* In principle simplest measurement there 1s ... yet this is where the
biggest mistakes have been made

* At the required accuracy of about 0.05%, no measurement done
before 1970 (maximum likelihood introduced) is correct. Analysis
procedure needs to be tested with pseudo-data and Poisson statistics.

*This is not high energy: signature is one low energy 3 ...
backgrounds are present. Need to collect data for about 14 to 20
lifetimes to fix background ... analysis cannot do it reliably otherwise.

In practice, use mass separated samples if available, almost 100%
efficient detector (to eliminate pile-up), and fixed deadtime in the
electronics (we often used two parallel acquisitions with different
deadtime to check systematics).

Guy Savard, Argonne National Laboratory EBSS2016, July 2016 51



Precision lifetime measurements can easily be corrupted in the

experiment or the analysis

N. is number of counts
per time interval

/

counts

Biases data by assigning smaller
error to point below curve

Error bar on N. 2 (N. )12

Difference in
extracted
lifetime can be
many G !

A 4

time

Guy Savard, Argonne National Laboratory EBSS2016, July 2016 52



Precision measurements --- lifetime

* In principle simplest measurement there 1s ... yet this is where the
biggest mistakes have been made

* At the required accuracy of about 0.05%, no measurement done
before 1970 (maximum likelihood introduced) is correct. Analysis
procedure needs to be tested with pseudo-data and Poisson statistics.

*This is not high energy: signature is one low energy 3 ...
backgrounds are present. Need to collect data for about 14 to 20
lifetimes to fix background ... analysis cannot do it reliably otherwise.

In practice, use mass separated samples if available, almost 100%
efficient detector (to eliminate pile-up), and fixed deadtime in the
electronics (we often used two parallel acquisitions with different
deadtime to check systematics).

Guy Savard, Argonne National Laboratory EBSS2016, July 2016 53



Precision measurements --- branching ratio

eparent and daughter are not
0+

perfect analogues
emeasured rate lower than 1* / Allowed GT branch
expected
°isospin mixing one - Non-analogue branch
contributing factor
isospin
mixing
enecessary experimental quantity
Superallowed branch
—

eaid theory (calculated correction
terms)

Guy Savard, Argonne National Laboratory EBSS2016, July 2016 54



Precision measurements --- Q-value

e required precision (0.1 — 1 keV)
cannot be reached by endpoint
measurement

Use reaction threshold (neutron
yield vs energy for p,n reaction) or p,Y R p,n
gamma-ray energy

Difficulty then lies in proton >
energy calibration Y

*Can only be applied to nuclei
whose daughter is a stable target

Guy Savard, Argonne National Laboratory EBSS2016, July 2016 55



For Isotopes whose daughter is not stable:
Precision measurements in a Penning trap

Can use: W, =0, +0_
0)2 = (1)2 +(D2 -I—(D2
cC + - "z
Recall: qB
0, =—
Ym
®. depends only on:
«the mass

the magnetic field
*not on the electric fields or the
energy as long as y is small

Can use o, to make accurate and magnetron (. reduced cyclotron (+)
precise mass measurements

Guy Savard, Argonne National Laboratory EBSS2016, July 2016 56



Sample time-of-flight (TOF) spectrum

- _ qCBC
110- Q. =
| me
'5100:
2 o B
3 Unknown: @, = %
e | m,
W
w807
©
v
= Unknown
o0 f.=663,104.706(3) Hz (560 eV/c?) Calibration

663.103 663.104 663.105 663.106 663.107

Well-known calibrant mass Is a requirement for accurate
measurements, use 133Cs (known to ~ 0.01 keV) in this region.

é Guy Savard, Argonne National Laboratory EBSS2016, July 2016 57



0+ = 0+ status as of 2014

NUMBER OF PROTONS, Z

il J

Hardy & Towner
New survey (2014)

; a0
NUMBER OF NEUTRONs, N LPRC 79, 055502 (2009)]

® 8 cases with ft-values measured
to <0.05% precision; 6 more cases
with 0.05-0.3% precision.

® ~220 individual measurements
with compatible precision

K
2G," (1 +4y)

Ft=Ft(1+5,)[1 - (5, - 5y)] =

Guy Savard, Argonne National Laboratory

3090

3ot

3040

3030

3140

3130
3120
ft (14+5;)
3100+
3090

J0BOL .y ye 0
300

3090 +
3080+
3oTo -

3060

zz“g :ca Eﬁa “Rh
“c *Cl ™K v *Co
“o Al “Ar©Sc™Mn {
[ ]
1%
w
L]

Z of daughter

EBSS2016, July 2016




Results from 0+ >0+ decays

FROM A SINGLE TRANSITION

Experimentally

determine G, 2(1 + A,)

FROM MANY TRANSITIONS

Test Conservation of
the Vector current (CVC)
Validate correction terms ¢

Test for Scalar current limit, CS/C,, =0.0014 (13)

WITH CVC VERIFIED

(@) (Vi Vi Vi) [d
s'| = Vﬁd vca vch =
bl vtd Vta vth b
N S N A ON S
b
weak mass

gigenstates gigenstates
Cabibbo-Kobayashi-Maskawa matrix

Ft=ft(1+8,)[1-(5-8,)]= 2Gf(ﬁ + Ap)

G, constant to + 0.013%

Obtain precise value of G’ (1 + A,)

Determine V,, .
VZ = GG, = 0.94900 + 0.00042

Test CKM unitarity

2
u

Vo + V. +V., =0.99992 + 0.00048

Guy Savard, Argonne National Laboratory EBSS2016, July 2016

59



Status of CKM unitarity

J/,V +V,, +V, =0.99992+0. 00048
S Tk decari ‘y'w’; cacn docays ™\

.// b B decays ‘\\“*

"\0.94900 +0.00042/ \“ 05090 £ 0. “““2}’ \:{Euuuz £0. uuuu}
*x_ L - — —
9800 V., =0.97417 £ 0.00021] |
1\""un:l
aA750 = :[ -
¥
9700 ks 1 1 { 1 J
nuclear neutron nuclear pion
ot—»o* mirrors
> -
E ooz L - - - L - L -
@ 1 11 1 @1=e=moome-
t
w . . .-
Q
5 001} 4 F 4 F 4 } -
e I | [ | —

|:| Experiment - Radiative correction - Nuclear correction
Courtesy of J.C. Hardy

Guy Savard, Argonne National Laboratory EBSS2016, July 2016 60



Next step: Improving V, , and CKM matrix unitarity

Current
error budget

02 * |Improve the calculation of the “inner” radiative
_‘E correction A,
L Currently A, =2.361(38) %
@ Marciano & Sirlin, PRL 96, 032002 (2008)
E 01 I:I Experiment
= - Radiative correction
- Nuclear correction
ol ¢ Potentially improve nuclear correction

by completing the pairs of mirror
superallowed decays with A <42,

%¥ca done
H.I. Park ef al., PRL 112, 102502 (2014)

26gj, 34Ar and “42Ti remain

=]
=]

[
=

NUMEER OF PROTONS, Z

-y
=

I:H E'[I '!-ﬂ ] 5.ﬂ [Ti]
NUMBER OF NEUTRONS, N

Guy Savard, Argonne National Laboratory EBSS2016, July 2016



Testing 5, calculations with measurements of
mirror superallowed transitions

Ft =1t (1+5,)[1 - (5 - 5ys)]
fta _ (1+352)[1 - (32 - 55)]

T e
20 18 - 1+ S’B_S,A + SE -SA - SB-SA
Qec= 6612 ( R R ) ( NS HE) ( c (:)
3978 _10¥ 0.1% l
3341 0¥ 0.3% 1.006 |- ft i
:aca -
1698 .0y 19.5% - ft i
B ™\
0 W 77.3% - 1.004 ]
- ¥ 4 ms =
Y E| -
Ay 1.002 | i
041y 99.97% 10T -
ﬁArgq B L | I 1 1 i

26 34 38 42
A of mirror pairs

Guy Savard, Argonne National Laboratory EBSS2016, July 2016 62



Further progress coming at low-energy
Search for scalar currents

Adding new transitions

E

NUMBER OF PROTONS, Z

50 ;
ﬁm C.JIC =tlJ.lJ(‘L12 . .
= 1 limit, C./C, = 0.0014 (13
™ 3070 B::J‘:Tﬁgl—*i} S/ (13)
3060 2 A A A A A 2
o 10 20 30 40

Z of daughter

® Tighten uncertainties on the ft values
for '°C and 0O

Require (order of priority):
19C branching ratio
40 branching ratio
0 Q. value
'°C half-life

* Potential FRIB measurements

¢ Complete more pairs of mirror
superallowed transitions:“éCr,
0Fe,Ni ...

Tests &, 6, calculations

in f72 shell nuclei

HUMEER OF NEUTRONS, N

Guy Savard, Argonne National Laboratory EBSS2016, July 2016
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Correlations in nuclear B-decay

v

o

—
c

J - exchanged boson properties determine character of
interaction (must conserve energy, momentum, angular
momentum, etc ...)

e.g. vector boson in an allowed Fermi decay

(no angular momentum for emitted particles)
implies that the lepton spins must anti-align (since
no spin change) ... i.e. neutrino and positron
(opposite chirality) emitted preferentially in the
same direction in Fermi decay

* interaction best studied in decay selected to limit other
contributions

Guy Savard, Argonne National Laboratory EBSS2016, July 2016 64



Basic rules for getting form of I

Take neutron beta decay as an example n>pte+v,
Available vectors: 6,.,P,,6,,P,:8,, PG, P,

I" 1s invariant under rotation so scalar or pseudoscalar and

can therefore contain terms like G ep <« P-violating
n (S

Q!

o
n P

PoeP. G e(P.xP

v.pe

Q!

) «— T-violating
A%

jol

Using as independent vectors G,, P,, P, :

I ocl+o(p,*P,)+6,*[AD, +BP,+D P, xD,]

é Guy Savard, Argonne National Laboratory EBSS2016, July 2016 65



Angular correlations in f-decay

v | Angular correlations between momentum
and spin vectors of the particle emitted in
beta-decay yield information about the
nature of the interaction.

|
W1

dW:dWOE{lﬂL pe-pv F LT [pe A+ IOVB+ Pe X P, Dj }
E E E E

e~ v e € 14 e~ v

Guy Savard, Argonne National Laboratory EBSS2016, July 2016
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Boson mass range that can be probed

If you observe a nuclear beta-decay,
even in a table top experiment,
you are already at 80.4 GeV/c?.

How high can you go?
Coupling ~ (M2—¢?)! —>M2 (asq > 0)
Observable ~ (Coupling)>? — > M* (asq™ 0)

1 % expt ——  (0.01)* M, ~ 260 GeV/c?
0.1% expt ——  (0.001)* M, ~ 460 GeV/c?

Sensitivity is also different than for other experiments, eg: non-manifest
left-right model (assuming £=0 and v, much lighter than M), we get the
following sensitivities:

nuclear B-decay u decay pp collider
SiEACIC S FY I ISES
(gLJ (VudLj MR gL 1_ VudL MR gL VudL funCtlon MR

Guy Savard, Argonne National Laboratory EBSS2016, July 2016 67




B—v Correlation

B‘ pﬁpv

[Nocl+ az,
EﬂEV

Y
ocl+a, —C0sd,,
C

Experiments difficult — correlation inferred from recoil of nucleus
a > 0 leads to larger average recoil energies

Recoil energy ~ 100 eV

1) requires acceleration of daughters

2) infer recoil from energy shift in subsequent particle decay
Continuous energy spectra in all particles

sensitive to detector thresholds and resolution

sensitive to approximations made about underlying physics
Correlation easily perturbed by molecular effects, scattering, etc...

Guy Savard, Argonne National Laboratory EBSS2016, July 2016
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How to measure?

Avoid detecting neutrino, measure other observables related to 8,,,.

Measure decay product

Measure TOF of recoill

Measure delayed

energy directly nucleus particle emission
n, 15Ne, %Ne, |n, SHe,  3¥MK 8L, 1Be, O
35Ar’ GOCO(B) 6He ZlNa’ 37K’ 19Ne 18Ne’ ZONa’ 32Ar(p)

\

relative rate

-

7
/

H / !
oe ; i S
H

pd

o O o.a 1.2

recoil energy (keV)

C.H. Johnson et al. Phys. Rev. 132, 1149

Guy Savard, Argonne National Laboratory

\

aBV:1

relative rate

T T T T !
600 650 700 750 800 8BS0 900

Time-of-Flight (ns)

550

N. D. Scielzo et al. PRL.93,102501, 2004

EBSS2016, July 2016

dn/dE [arbitrary units]

:I 1 I 111 | L1 11 | 11 11 I 111 1 I L1 11 | 111 I 1 I:
—-15-10 -5 0 5 10 15
E—E, [keV]

0+ = 0+ delayed proton for a=1 & a=-1

E.G. Adelberger et al. PRL.83, 1299 (1999).
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Measurements of B-decay angular correlations helped
establish the V-A structure of the electroweak interaction

In the 1960’s, the V-A structure of the

N
B weak interaction was determined by
measurements of the beta-neutrino
correlation, @, in noble gas nuclei

p Coupling constants:

Cv: Ca, 33%’ CX

Beta-Neutrino Correlation CoefTicient

Im,

Fermi Fraction of Transition

AW =dw, 1422 P 1
Ee Ev Ee Fermi decay -2 C, C;
Gamow-Teller decay ->C,C

Guy Savard, Argonne National Laboratory EBSS2016, July 2016 70



Measurements of B-decay angular correlations helped
establish the V-A structure of the electroweak interaction

@4

2

80.4 GeV

Cv: Ca, 33%’ Qé

Coupling constants:

—

—

dW = dW, | 1+a e Pr

e v

+b
E

Im,

e

Guy Savard, Argonne National Laboratory

We now know [3 decay is mediated by
the W boson with well known
properties

Beta-Neutrino Correlation CoefTicient

Fermi Fraction of Transition

Fermi decay 2> C,
Gamow-Teller decay -2 C,
EBSS2016, July 2016 71



Measurements of B-decay angular correlations helped
establish the V-A structure of the electroweak interaction

@4

2

Coupling constants:
Cvi Car Cs7?, Cy7?

—

—

dW = dW, | 1+a e Pr

e v

+b
E

Im,

e

Guy Savard, Argonne National Laboratory

But perhaps there is more to discover if
we look closely enough...

Beta-Neutrino Correlation CoefTicient

Fermi Fraction of Transition

Fermi decay -2 C, C?
Gamow-Teller decay 2> C, C;?

EBSS2016, July 2016
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At higher precision, have to contend with recoil-order
terms, which are sensitive to additional SM symmetries

Give rise to small E,/M dependence to correlations

0.0 m Plus additional correlations:
PP M °
\?eEv Ee glO(Ee):_Me(l+d $bwm)'COS 2‘9ea

\(1_250(1+d i, )+ 2E: (5izbwm)j
3M 3M

dwW ~

* b, (changes sign with [3*)

*  CVC hypothesis — weak vector coupling constant is not Need to study
renormalized in the nucleus mirror nuclei to

* d(independent of B%) gisfh“:f.“g? :B-g
oth 8Li an

* Second-class currents — induced terms that do not obey
same symmetries as strong interaction

Guy Savard, Argonne National Laboratory EBSS2016, July 2016
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Intuitive Picture

= Fermi Decay

1.2
- AJ=0 -> spins anti-align in singlet
P g g ® Pure GT
state_ ® Pure Fermi
- e & v couple with opposite helicity ® Mixed
_ e &vare preferentially emitted in 11
same direction —-) a=+1
. L
' N 3 T -
- s c .
€ o oV S d s | oso7 ¢t 1
. : ¢ |
ecoll S 1
% 0.9
- GT Decay 6 23 18 32 38m, 21 6 8
. . . He “Ne n Ne “Ar n K Na "He "Li
- AJ=0,%1 -> spins are in triplet 1963 1963 1978 1997 1999 2002 2005 2008 2011 2012
- same reasoning —=» a=-1/3
Guy Savard, Argonne National Laboratory EBSS2016, July 2016 74



Tensor current search in 8Li decay

8 j 8Be € /7 tip <101 s
t1/2—084s ['=1.5 MeV

. >

Basic Kinematics

4
.\He

= “Pure” GT decay

8y
» L1

= Large Qvalue and light nucleus gives large
recoil energy up to 12 keV

= Immediate breakup to two a’s gives
coincident constraint providing strong
background suppression

= a’s are emitted back to back in 8Be rest
frame leading to large shifts in lab frame

° Guy Savard, Argonne National Laboratory EBSS2016, July 2016

Q=16.003 MeV
t1/2=0.84 S

<
AHe \
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t1/2 <101s
=1.5 MeV

—

8Lj 8Be

t1/2—084S .

8Be Breaks Up ™_
Parallel to e-

Reference Frame of
Recolling °Be

<—..->°->

Guy Savard, Argonne National Laboratory EBSS2016, July 2016 77



8Lj 8Be

8Be Breaks Up ™_

t1/2—084S . =1.5 MeV .

<
AHe \

4
7 <105 K HE

S
®

Parallel to e-

Energy Difference of a’s

Angle Between a’s

Reference Frame of
Laboratory

AE (MeV)

0.5 6
- 5 p—
on Pl
] () / \
0 Pl E 3
Z =T .\
< 1 ///‘_\\\
-0.5] , 0 : .
0 90 180’ ) 90 180,
eev eeV

~00 s

° Guy Savard, Argonne National Laboratory

_ e takes 1/4 of

| o —

, decay energy
e takes 1/2 of

—decay energy

e takes 3/4 of
j. === decay energy

EBSS2016, July 2016
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Paul Traps

Guy Savard, Argonne National Laboratory

EBSS2016, July 2016
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Trap Geometry

To get open geometry

Standard Linear Paul Trap:

Hyperbolic electrodes

Guy Savard, Argonne National Laboratory

»
»

Planar Linear lon Trap

EBSS2016, July 2016
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The Beta-decay Paul Trap

5 . o
f A -
w2 N

Confine up to ~10° ions at once
Hold for >200 sec

Accessible half-life > 50 ms

Confine in “1-mm3 volume

DC fields of ~100V

RF fields of 200-1000 V,,, at 0.2-1.3 MHz
He buffer gas cools ions to ~0.1 eV

Guy Savard, Argonne National Laboratory

N.D. Scielzo et al., NIM A 681, 94 (2012)

EBSS2016, July 2016
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Correlations determined from B-a-a coincidences

Double-sided silicon strip detectors (DSSDs)
used to determine:

B momentum direction

Momentum and energy for both o particles

This is sufficient to fully reconstruct the
decay kinematics

E, +E_, : ®Be excitation energy

°* p,*tpP,, : huclear recoil

Additional measurement of 3 energy not
required... but overconstrains the kinematics

Guy Savard, Argonne National Laboratory

trapped ions surrounded by DSSDs
and plastic scintillators

DSSD Plastic

\scintillator
6 S

DS

8Li+
SDs:

1-mm thick, 64x64-mm? detector, 2-mm strips

e ~100-nm dead layer
* Continuous in situ calibration using 1*8Gd and 2**Cm o

EBSS2016, July 2016

sources
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First Results with B-a-a Coincidences
» Imaging the ion cloud with back-to-back a’s

S NS 7 m ® to i e aaie ne conpage - Looking at the strip differences over time we can
\ watch the ion cloud cool
h 400; 0<t<2ms E Peted Ta<t<o
300F I ]
DSSD “chA2” 2op T :
168 15 14 12 12 11 10 £=] a2 7 (=3 (=3 a4 =2 =2 1_ C 1mi: :i: __ :: _'-I_"— :
Top Back Strip vs {17 - Bottom Back Strip]| Left Back Strip va (17 - Right Back Stri 0 g e T, E_ —1“‘"'_'_,_'_ i i‘-‘_:-‘l‘-% i + _,.."IJ— i -.LI_‘-- 1
; 400F B<t<8 I B<t<10 I 10<t<t2 E
E a00f ]
8 200;_ M _;- _—L‘ + ’-Ll_‘ E
i _rﬁ.H’%.:::=fH=Hﬁ+: .J.LW‘-.:
4005 12<t<14 14<1<16 1B<t<18 ]
300 3 . 1 ]
200¢ MH 3 S ]
100
D _JJ L | S, L —'JJVI L L le M L
-0 -5 0 5 10 -0 -5 0 5 10 -0 -5 0 5 10
Strip Difference
- Slight broadening due to resolution of strips & - B
angular broadening of a’s from recoil =F ¢) Axial b T a) Radial - Horizontal
- Image is consistent with ion cloud ~1 mm3 o
- Finer strips will provide more precise imaging — s=F \\ °o0°%r
£e \\¢
e ) ., . w1073 Torr
iy \\ T~1z 107 T
74 13105 Tor e - I
[1] 1:] 2‘3 an 4:‘0 5‘0 E::I a Ilﬂ 20 EIEI 4‘0 5‘0 EII:I
Time (ms) Time (ms)

A Guy Savard, Argonne National Laboratory EBSS2016, July 2016 84



Analysis depends on high-fidelity simulations...

Beta-decay Event Generator

e Beta-decay phase space and angular
correlations

* Final-state distribution of 8Be*
e Recoil-order terms and radiative corrections

* |on cloud distribution

Apparatus Simulation

* Propagate B particles through experimental
geometry using GEANT4

e DSSD detector response (resolution and dead

layer) incorporated

4T = F+(Z, E)

Guy Savard, Argonne National Laboratory

G2 cos’,
2(2x)8

(Ey — E)*pE dE dQ, d, dQ,

X (gi(E) + ea(B) Bk () [(I—?k)ﬁ - : -g—]

V. 6 [ T T T —]
+ B, ¥, (D) 2R 0 ' '
E / 8 -
T Li -
E o ;. 2P L ‘
+ 8(E, v*, 70 s (L))"EE;’C E ok |
+ 8(E, v*, 1y (L) )i -k = ;
D w10tk 4
+ 6:(E, v*, 7y g0 (L) Yiok —-k S
E d )
S 0% -
+ oraea (L) T® (R) 1{&10(5) [p/E, p/E] o'k w i
A
+ gu(E) [p/E, D/E] Ep'le + gu(E) [P/E. ];5] 7 8
L0 S B .
+ en(D)B/E, F1 2k + gu(BE, ) 3 /
s 10 B
;2P s PP B
+ gu(E) [k, k] E'k + gie(E) [E’ B ’C] % 100 i 4
P . < M. Bhattacharya et al.,
+ gn(E) [k, X k]} 107 Phys. Rev. C 73, 5 b
+ 8(E, v*, 75 (L))T®(R) :[p/E, p/E, k] 055802\(200\6) \\\\\ L

IO'\ wwwwww
+ 0B, 0¥, 7 (L)IT® () T/ B, e, K] o 2 4 B B KB

+ ywsre (L) T (3) : {gus(E) [0/ E, p/E, D/ E, ]
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B.R. Holstein, RMP 46, 789 (1974)

(53)

Autodesk Inventor >
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2011 Detector System

64 mm X 64 mm - 32 X 32 strips
~30% solid angle

- 1 mm thick

- 100 nm Dead Layer

- Angular resolution - 3 degrees
- 10% efficiency for B-a-a

Scintillating Plastic for B’s
Modified RF shielding
Modified electrode design

- Solid electrode design blocks source
alphas at large angles

- RFisonly applied at tip of electrode
to reduce pickup on DSSD

» There are 8 degrees of freedom

» We measure 9 - system is over
constrained!

Guy Savard, Argonne National Laboratory EBSS2016, July 2016 86



8Li: 15t improved limits on |C;/C,|? from B decay in 50

years M.G. Sternberg et al., PRL 115, 182501 (2015)

Most sensitive measure of correlation from 1200

f— #*/ ndf 164.3 /166
H , = Prob 0.5223
1000
E_ difference when 3 parallel to a 5 oo 9= om0
800~
al a2 600F-
.z:\j——). 400—
o -=> recoil 2000
ﬂ = 9_ I
= 2 ces S% > o .= e . *u
3 O N P F e TR AR W e
& ° N *

Axial vector: leptons preferentially

—400

=200 0 200 400
o Energy Difference (keV)

. . e 800
emitted in opposite directions ol -cosp.) [ TS
—> smaller recoil, smaller AE 600 pv Prob 0.1571
500 J IC/C,F 0.0058+0.0067
. ) i 4007
Tensor: leptons preferentially emitted in 300
same direction 2001~
100E- ~(1 + cosby,)

—> larger recaoil, larger AE,

Residual
=1 oI =

L]
-0 gy 2

° o & ?'."u. .-l’.f e
R RS e o

-1

0.5 0

agy, = —0.3342 £ 0.0026544¢ = 0.0029, ¢
7/Cal?* = —0.0013 £ 0.0038 544 = 0.0043,,,;
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B-a-a coincidences from 8B decay under analysis

81 8 ¥ — vE
8B 2 8Be* + B* + v, Li 2 3Be* + B+ v,

800/ 1200 a) x2/ ndf 164.3 /166

700;— 1000= Prob i 0.5223

6001 ” = ICT;’CAI' -0.0039 £ 0.0042

- = 800—

500— g Z

4002— & 600:_

300 400—

2002— 200—

1002— E '
T s - o~ e ]
- - - - - - ....' s o -.‘ (N o o s

E _ E Energy [keV] .g 2'{.}.”.:"}9...:‘ &rﬂ:,:::‘":r“..:..lf""h.'ﬁwﬂ
al ﬂ < T H w b - ; L ]
=" i i
—400 =200 0 200 400

o Energy Difference (keV)
B-decay angular correlations
comparable to earlier 8Li Comparison to 8Li data = recoil-order terms
(small E, dependence)

Precise determination of 8B solar *  Weak magnetism (change sign with 3*)

neutrino spectrum * Second-class currents (independent of [3%)

Fully-reconstructed 2Li/2B decays allows determination of recoil-order
terms in several correlations

Guy Savard, Argonne National Laboratory EBSS2016, July 2016
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Also on the horizon...
A search for the Fierz interference term

6000

5000

4000

3000

2000

1000

-200 -400  -300 -200

-100

0

100 200 300 400 500
o Energy Difference (keV)

Guy Savard, Argonne National Laboratory

dw ~ 1{%;‘%”) e
E

e v e

4 v
~0.001 ~0.01

Sensitivity to Fierz interference term
is ~10x less than for tensor
contribution

Systematics need to be carefully
investigated

EBSS2016, July 2016
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The weak interaction between the outer electron and
the nucleus is predicted by the Standard Model

weak Interaction
@valence i
electron ‘nS> :‘HS>+8‘HP>

nucleus
alkali atom
Huy = = QAo (1)
S . >ZO< w \/g pnuc 7/5
SN A ) §" =5 n+3(-tem; §")|
\ )
Y
Qw(Experiment)*=-72.06+0.28,,,+0.34,, ~ 0

Qu/(Standard Model)=-73.20
*PRL 82 (1999) 2484

Guy Savard, Argonne National Laboratory EBSS2016, July 2016
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The Boulder Cs PNC Experiment

1982-1999

 P-odd, T-even correlation: o [E x B]
* 5 reversals to distinguish PNC from systematics

Guy Savard, Argonne National Laboratory EBSS2016, July 2016
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Parity non-conservation in atoms

0.0001 0.001 0.01 0.1 1 10 100 1000 10000
0.245 + ; ; : h : ' / T 0.245
1 Qui(p) JLab !
0.243 —rler ar T O
| (4% 01 Gy ot ersear| 10288 AN example of
0.2a1 {1 Qule) NUTeV =& This Result 1 0.241
[ E158 e " Published | ] the SO Ca“ed
0.239 o omore | F 022 : f
o 0237 0.237 runni ng O
— L Qu(Cs) ]
d:g 0.235 - .KJPV 0.235 fu n d a m e nta I
<0233 | \ 023 constants.
[ '3 Tevatron ]
0.231 { * Fosas
[ SLD ] & s
0229 7 tos ~Prediction of the
0.227 ' (estimate%wf{iz]a‘ljIa?::wtainty} 0.227 Standard EleCtrO-
0225 b 0y gy ey s 0,225 Weak Theory
0.0001 0.001 0.01 0.1 1 10 100 1000 10000
Q (GeV)

A credible path to necessary improvements on parity non-conservation in atoms requires an
intense source of Fr atoms:

» X18 larger signal
satomic structure independent
*neutron distribution .... 2°8Pb at JLAB and hyperfine anomaly

é Guy Savard, Argonne National Laboratory EBSS2016, July 2016 94



Francium-a new laboratory for fundamental symmetry tests

Fr223
218m

Erig]

e

Fr224
333 m

Fr225
4.0 m

3i2-

Fr226 | Fr227 | Fr228 | Fr229 | Fr230 | Fr231
49 5 24T m 38 Ss 190 %

Fr23z
175 % EE

1-

B

1-

B.

172+

Fr

1-

E.

L) F B B F

A systematic study of Parity non-
) conservation for different isotopes in
g Francium would lead to greatly
enhanced sensitivity to new physics,
O\ complementing high energy physics
T studies. To study a wide range of

Isotopes requires ISAC or FRIB.

Guy Savard, Argonne National Laboratory EBSS2016, July 2016 95



A possible experimental approach:

e

o

Capture Fr atoms ina MOT

Accumulate and cool in the MOT

Transfer to a second trap (purely optical)

Establish a “coordinate system” by dc electric field, dc
magnetic field, k vector of the exciting laser

Excite 7S to 8S using a build up cavity and detect using
the 7S to 7P transition.

Reverse the coordinate axis.

Change isotope.

From Luis Orozco Les Houche 2000

Guy Savard, Argonne National Laboratory EBSS2016, July 2016 96



CP Violation

eAstronomical Observations indicate that the universe is
dominated by matter.

» The CP violation observed in K and B decays is not sufficient
to explain the observed asymmetry of matter.

*There are many proposed theoretical models with CP
violation.

*The most stringent test for models is the Electric Dipole
Moments they predict for the neutron, the electron and for
nuclel.

*RIB facilities allow these measurements of particular nuclei in
which the moments are greatly enhanced.

Guy Savard, Argonne National Laboratory EBSS2016, July 2016 97



Search for an electric dipole moment and
physics beyond the standard model

/ A permanent EDM violates both time-reversal symmetry and pari’rﬁ
& & i ﬂ
4—» 0

EDM1 | Spin EDMT 1 Spin EDM| 1 Spin
\ \ Physics beyond
the Standard
S / SUSY, Strings ...

° Guy Savard, Argonne National Laboratory EBSS2016, July 2016 98
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EDM Searches in Three Sectors

Sector

_

Quark EDM

/|

S —

Quark Chromo-EDM

Electron EDM

Physics beyond the
Standard Model:

SUSY, etc.

Exp Limit Method Standard
(e-cm) Model
Electron 9x 102° ThO in a beam 10738
Neutron 3x102% UCN in a bottle 10-31
199Hg 3x102° Hg atoms in a cell 1033

M. Ramsey-Musolf (2009)

Guy Savard, Argonne National Laboratory EBSS2016, July 2016
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Neutron EDM; Ramsey,
Dress et al. Phys. Rep. 43, 410 (1978).

\f VACUUM
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FIGURE 1 Pictonal representation of the neutron-beam spectrometer. The insert, upper right. is a cross-sectional view through the
midpoint of the apparatus indicating various materials used in construction. The gap between the magnetic poles in 9 cm.
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Neutron EDM; Ramsey,
Dress et al. Phys. Rep. 43, 410 (1978).

Simplified version

polarizer

o

analyzer

A 4

incoming
neutrons

m/2 pulse

Bfield

/2 pulse

o Guy Savard, Argonne National Laboratory

EBSS2016, July 2016
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Neutron EDM; Ramsey,
Dress et al. Phys. Rep. 43, 410 (1978).
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FIGURE 2 Typical magnetic resonance with the neutron-beam apparatus for a phase shi
of #/2 between the two oscillatory fields. The calculated transition :r':;ubilily for f M::m
Boltzmann distribution charactcrized by & temperature of 1 K is shown by the solid curve. The
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EDM ... the Standard Model extension slayer

left nght extended

symmetric LeChnicoor

iepton flavours

char ging

alignment

split SUSY
SO(10)GUT

seesaw neutrino Yukawa couplings
accidential S approx. approx. . exact
cancellations CP universality : universality

haoat
neavy

=naive SUSY
; s-fermions

1622 1028 1027 102 102 1020 10 108 40
d, (e cm)
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The Seattle EDM Measurement

stable, high Z, groundstate 'S,, | =%, high vapor pressure

Optical Pumping

7p3p, MFT -1/2 mg = +1/2
F=1/2 A
/ |
’ I
Courtesy of Michael Romalis /’ :
// !
’ I
;. /o+ !
it I
/ |
/ I
’ I
F - 1/2 mF — +1/2




The Seattle EDM Measurement

stable, high Z, groundstate 'S,, | =%, high vapor pressure

)

f o 2B + 2dE

+

~15 Hz

Fo 2uB —2dE

~15 Hz

£, - f |<1x107° Hz

—

Courtesy of Michael Romalis

Limits and Sensitivities
° . -29 A_
Current: <3 x 104’ e-cm ' ~102 Hz

-- Griffith et al., PRL (2009)
* Next5 years: 3x 103 e-cm f

e Beyond 2020: 6 x 103! e-cm 15 Hz




Enhancement of nuclear EDM sensitivity in octupole
deformed parity doublets

E <E

Guy Savard, Argonne National Laboratory EBSS2016, July 2016 106



Nucle1 with Octupole Deformation/Vibration

(Haxton & Henlev; Auerbach, Flambaum, Spevak; Engel, Haves & Frnar, etc.)

S ~ <+Inricos 6Bl-> ~ np,pLZAY 3y’

E,-E E, L

223En 223Ra 225Ra 223k 225Ac

t {12} 232m 114d 149d 22m  100d
I 70 312 1/2 312 312
AE,* (keV) 37+ 170 47 75 49
AE,, (keV) O 502 552 1605 40.1
105 S (efm?) 1000 400 300 500 900

102 d_A (e-cm) 3300 3300 2500 2800
Eef: Dzuba PRAGG, 012111 (2002) - Uncertainties of 50%

*Based on Woods-5axon Potential
7 Nilsson Potential Prediction 1z 137 keV

NOTES:

Dcuﬂ;n]e Enhancements
Engel et al. agree with Flambaum et al.

-2

229Pa
15d
52

5

0.22
12000

T

-1.4
-5.6

Even octupole vibrations enhance S (Engel, Flambaumé& Zelevinsky)

Guy Savard, Argonne National Laboratory

EBSS2016, July 2016
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100 kV/cm // g N~

225R4: EDM measurement on 22°Ra in a trap

=2 Collaboration of Argonne, Kentucky, Michigan State
ty, = 15d

e Efficient use of the rare 22°Ra atoms
* High electric field (> 100 kV/cm)

e Long coherence time (~ 100 s)

Oven:
225Ra

e Negligible “v x E” systematic effect
Transverse

cooling

Magneto-optical
Trap (MQOT)

Statistical uncertainty

od = h 100 d

2B/ TNeT .\

10%

Optical dipole
trap (ODT)

100 s 106

EDM

Long-term goal: d =3 x 1028 e cm measurement

Guy Savard, Argonne National Laboratory EBSS2016, July 2016
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Nuclear EDM outlook

First results
* 2015:5x10%?ecm
* 2016:1.4x102%ecm
e 2015-2018, blue upgrade — more efficient trap;
* Five-year goal (before FRIB): 10%® e cm;
e 2020 and beyond (at FRIB): 3 x 1022 e cm;
* Far future: search for EDM in diatomic molecules
» Effective E field is enhanced by a factor of 103;

 Reach the Standard Model value of 103% e cm.

Guy Savard, Argonne National Laboratory EBSS2016, July 2016 109



Low energy fundamental symmetry tests

* a number of opportunities, exploiting special features of low
energy systems and symmetries of the interactions, are being
pursued

= A few presented here ... many more ongoing

* most require pure sources of 1sotopes with specific intrinsic
properties and beam preparation

—> High intensity rare isotopes

e these studies are competitive with and complementary to
higher energy experiments

* new technologies enhance our capabilities to pursue these
opportunities but to take full advantage of them we need FRIB.

Guy Savard, Argonne National Laboratory EBSS2016, July 2016 110



Guy Savard, Argonne National Laboratory EBSS2016, July 2016 111



