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Outline
l. Introduction (13 slides)

 Why and How (LE vs HE)?

* Current questions and goals of the lectures

* A quick reminder on beta decay (Prerequisites)

ll. Nuclear beta decay: How testing the weak interaction? (61 slides)
* Some tracks on theory: from Golden rule to events distributions
Which terms for which physics?

A word on some approximations and consequences...

A special case: the Fierz term

The Standard Model (SM) and beyond (helicity, "ft" values,...)

lll. From theoretical rates to correlation experiments (21 slides)
e Beta-neutrino correlations
e Correlations involving polarized decaying nuclei

IV. Last section: CVC, V 4 & CKM (20 slides)

* Pure Fermi decays
* Other sources: nuclear mirror decays
* Other sources: the neutron case
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Introduction

Standard Model:

m 3/ 4 fundamental interactions: |strong
electromagnetic
weak

} electroweak

gravitation

m Force mediating particles: bosons

strong interaction: gluons
electromagnetism: photon
weak interaction: W+*, W-, Z°

m 3 generations of elementary particles: fermions
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Introduction

Precision measurement @ low energies in nuclear 3 decay
= sensitive tool to test the electroweak Standard Model

m 3/ 4 fundamental interactions:

strong
electromagnetic
weak

} electroweak

gravitation

m Force mediating particles: bosons

Search for

exotic couplings

strong interaction: gluons
electromagnetism: photon

weak interaction; W+, W-,Z0 +?2?7?

m 3 generations of elementary particles: fermions
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Introduction

Precision measurement @ low energies in nuclear 3 decay
= complementary to high energles measurements

R

les traces de [Abominable
Homtme - des-Neiges !’

Search for "traces"

A Y (n+l)+

low ®

energy
(Q<<M)

Hergé, "Tintin au leet Ed Casterman

/4: 2 ﬁ/fj‘k\

Meet the beast

high
energy — - —
(E~M)
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Introduction

| "Traces" = information hidden

Allons, allons ! Vous aussi,

- . ' f
: In a complex medium area L
g2l Lesours aussi marchent
parfois sur leurs pattes de

derriere, C'est connu .

-—> Judicious selection of measured parameter
& chosen transition

- Be aware of the limits of the medium effects modelling

fundamental theory < 5 experimental data

Hergé, "Tintin au Tibet", Ed. Casterman

Remark

Capitaine!.. Capitaine!.. P I Qu'est-il arrivé 7. Une bom-
Mon Diew!étes-vous blessé? & i || e atomique, n'est-ce pas ?.
T = el || Nous sommes tous morts ?
3 c : : Une bombe atomigue . p Z
Mlsmterpretatlon. of particle physics h,,e bombe stomigue! | 44> J Non o, st ey,
data can also arise ... ‘ i = -
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Role of nuclear physics experiments in the foundations of the

Standard Model ...

—> Discovery of a new « force »: weak interaction

- Evidence of the smallness of neutrino mass: direct measurements of beta
decay spectra

- Determination of the nature of the weak interaction: "V-A" theory
—> Discovery of parity (P) violation - "helicity" structure of SM
—> Evidence of vectorial current conservation and quarks mixing matrix

2> ...

... which are not the end of the story !
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.
Some current key questions

- Why do we observe matter and almost no antimatter in the universe ?
- Why can't the SM predict a particle's mass ?

- Are quarks and leptons actually fundamental ?

—> Are there exactly 3 generations of quarks and leptons ?

—> Are there other mediating particles ?

- What are the properties and nature (Dirac or Majorana) of the neutrino ?
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Some current key questions with contributions from nuclear physics...

- Why do we observe matter and almost no antimatter in the universe ?
- Why can't the SM predict a particle's mass ?

- Are quarks and leptons actually fundamental ?

-> Are there exactly 3 generations of quarks and leptons ?

—> Are there other mediating particles ?

- What are the properties and nature (Dirac or Majorana) of the neutrino ?

Goal of the lectures

—> A first attempt to understand the link between fundamental equations
(ie DIRAC) and events distributions in nuclear beta decays
- Which parameters to which physics ?

- Some illustrations ...
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Introduction

A quick reminder on nuclear beta decay (prerequisites)

Nuclear beta decay = semi-leptonic process governed
by weak interaction 28 @/
g «?{
(7

nucleus

|. Kinematics 3 bodies = continuous spectra ¥ Ve

_ Electron axis = reference axis
Energy conservation: G=1T.+T.+E, 0 : B—v angle
Momentum conservation: 0 =Dp, +7 + b, ¢ : B—recoil angle

T, max
‘ 0 elly 3 specific points :
< @ éTe:O
3 >T,=0
E © >E,=0

l

Description of the particles
distribution in the border regions

At © : Q= T, and p max = pmax — \/Qé +2m.Qp

11
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A quick reminder on nuclear beta decay (prerequisites)

ll. Fermi theory

Goal : reproduce energy distribution of § particles

Starting point : perturbation theory

2T dN .
A = Vi \2 JEn Fermi's Golden Rule
h E
decay constant / 0
e
transition probability
(<f|H]|i>)? density of final states

/

Interaction is here | —> d\ = N(chosen variables) = events distribution

> A =JdA > (ft) values > classification & selection rules
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A quick reminder on nuclear beta decay (prerequisites)

Il. Fermi theory

Basic ingredients :

(<flH]i>) N
<f|H|I>)? —
dE,
. <f|H[i> = g [(9, ¢, ¥)*O ¥, dr * Nuclear states fixed, number of states

_ given by leptons states
where @: coupling constant O: operator
¥i¢: nuclear states ¢, ,: leptons states  « What is the volume occupied by a quantum
cell ?
* @, ~ 1:plane waves in allowed approximation
« Value computed for an electron at a given p,

« M =J(¥)*O ¥, dt : nuclear matrix element at+dp., -2 N(p.) : events distribution
. dN

—> (<TH[1>)?~g? M —> d (Gg) ~ PeA(Q —Te)* dpe
0

) dN(pe) = K F(£Z',pe) pA(Q — Te)? dp,

F : Fermi function -2 final state interaction (£ vs nucleus) : Coulomb correction
K : constant for a given decay, containing g & Mg
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A quick reminder on nuclear beta decay (prerequisites)

Il. Fermi theory

dN(pe) =K F(pe) pez(Q _ Te)2 dpe

dN(T,) =K' F(T,) (T2 +2m_ T )2 (Q-T)2 (T,+ m ) dT, | (c=1)

OHe — OLi+ B~ + v,
1500 |
806.7 ms
+-T=
fratil=——t ~1000 |
L ®He S
Q, =3507.8
500 |
| 100% 29, 1*:T=0 8 ctable 0 | | |
oLi 0 1000 2000 3000 4000
T, (keV)

Ecole Joliot-Curie 24 — 29 Sept 2017 E. Liénard 14



A quick reminder on nuclear beta decay (prerequisites)

ll. Fermi theory

L= [da = [dN(pe) = K 7€ F(pe) pe*(Q — Te)? dpe = In(2)1t,,
\_ J

'

by 19 B [FEEN =l — f(Z',E,) : statistical rate function (Fermi integral)

tyz = Ty2/BR

S R T L i\ i

50:‘ ) superariowne
5 e | S 0ECAYS
ft value Bneene | Classification
- B Fourth forbidaen
-5 § ok
ft,,, = 4.79410 S 2 X
I 112 — ) i
2 - -
g2M i ;
log ft
www.nndc.bnl.gov/logft/ Pwere 8. Srstmeafon of eicafimicht g ek rom . My B

(from K.S. Krane "Introductory nuclear physics")
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A quick reminder on nuclear beta decay (prerequisites)

Ill. B decays classification and selection rules

» Allowed approximation - leptons do not carry orbital angular momentum : £ =0

—> AJ linked to leptons spins alignement : anti // > 4J = 0 : Fermi (F) decays
Il > A) =1 : Gamow-Teller (GT) decays
-> "Allowed" transitions : 4J = 0,1 without parity change (£ = 0)

——> Total momentum change has to be taken into account in GT transitions
= O =1 isospin operator:n > porp-=>n
- Ogr =10 Isospin-spin operator (includes Pauli matrices)

-5 -5 -5
_ 4.79410 — 4.79410 _ 4.79410
—> ft1/2 =5 > S ft,, = > 5 S ftl/z = > o > S
g|:|MF| gGT|MGT| g|:|MF| +9GT|MGT|
5=02 =0 ft,), = 4794107 ¢
* "Forbidden" transitions 2> £ # 0 g|2: IMFE |2(1+p2)

beyond allowed approximation - fis modified o Is the mixing ratio
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ll. Nuclear beta decay: How testing the weak interaction? (61 slides)
* Some tracks on theory: from Golden rule to events distributions
Which terms for which physics?

A word on some approximations and consequences...

A special case: the Fierz term

The Standard Model (SM) and beyond (helicity, "ft" values,...)

Ecole Joliot-Curie 24 — 29 Sept 2017 E. Liénard



Nuclear (3 decay: How testing the weak interaction ?

Some tracks on theory: from Golden rule to events distributions...

27 dn dn
d“2 = N(variables) = == f,\ d( V)
h
transition probability / \
(<flH]i>)2 density of final states
To make experiments
sensitive
to fundamental interaction
ll. Interaction is here ! |. Constrain the open space

It is necessary to go deeper in theory : to reach correlations
- How managing hadrons & leptons ? (angular correlations !)

- How involving Dirac formalism, the fundamental
relativistic wave equation ?
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Some tracks on theory: from Golden rule to events distributions...

|. Constrain the open space to reach correlations (angular correlations !)

dn.dn,
dE,

N
dE,

Fermi : d( ) = d(

- peZ(Q - Te)2 dpe

|

Here, the whole space is open: 4x for e & 4x for v,

To study B—v correlations :
" @/ dQ, = 4n

«:b(/ nucleus dQV =2n Sln(e)dg
(7

dn.dn,
dE,

) d( ) ~ p.2(Q - T.)2sin(0) dp.do

Ecole Joliot-Curie 24 — 29 Sept 2017 E. Liénard 19



Some tracks on theory: from Golden rule to events distributions...

Il. The transition probability  (<f|H|i>)?

- How managing hadrons & leptons ?  Fermi basic hypothesis :

1. Low energy (g << M) : point-like interaction with 4 fermions (no propagator)

Initigl state Final state

.-’d‘\

s .
Neutron | 4 —u | Proton

' 'q\(/r/ - d Y
e, E—) -

\W

~ € Electron
n—sp+e + v, <

v, Electron
e : ’
antineutrino Ve

2. Description // electromagnetism: interaction between a current and a radiation field

E-M interaction density: H~e J.A J: current, A: potential, e: interaction strength
=P (3 decay interaction density: Hﬂ ~gJ.L
where J: Hadronic "current”, L: Leptonic "potential”, g: interaction strength

Q : What are expressions forJand L ?
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Some tracks on theory: from Golden rule to events distributions...

ll. The transition probability  (<f|H|i>)?
H~gJ.L What are expressions for J and L ?
Responses are in Dirac fundamental formalism !
m—)> A quick reminder on quantum mechanics (prerequisites...)

1. Particles are waves described by specific equations of the form HY¥Y=EY¥ (1)

2. They have to comply with the equation of continuity

* Analogy with E-M : 5 T |7.f 0  (the charge variation in a volume =

(charge conservation) the current escaping the surface...)

dp
t

* In quantum mechanics : a. equation deduced from ¥ x (1) - (1)*x ¥

b. p is interpreted as a density of probability

c. J gives the expression of the "current™ !
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A quick reminder on quantum mechanics (prerequisites...)

1. Waves equations ?

2 oY
* Non relativistic free particle - Schrodinger ! %‘P = —lE (7, c=1)
 Relativistic free particle - Klein-Gordon ?
°y

E2:p2+m2 — (Vz—mz)qJ=F
correspondence principle ’

However p ~ 2

ot

 Relativistic free particle - Alternative approach of Dirac

Equation built
- with differentials at 1st order to avoid negative probability densities

- but respecting relativistic energy-momentum relation

(@.Pp+pM)y =By m— i@V + fm)y =

with ¢; and £ to be determined to retrieve E? = p2 + m? !
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A quick reminder on quantum mechanics (prerequisites...)

1. Dirac equation

2
[(—laV+,8m) a"” = Klein —Gordon!

= (<i@.V+pm)(-ia¥ + pm)y = (-ia.v + pm)i %Y

=K-N if o?=p%=1, o+ ;=0 (i ), o5+ fo;= 0

) ¢; and S are at least matrices of dimension 4

Dirac-Pauli representation with ¥ have 4 components
o, Pauli matrices for spin consideration and is called a Dirac spinor
L g

0 o (10 [ w,
“i:[a o] ﬁ_(o -J T
i v,
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A quick reminder on quantum mechanics (prerequisites ?)

1. Dirac equation in "covariant" form
"Covariant" form for a four-vector: 4, = (4° —4) p, = (E,—p)

« Equation multiplied on the left by g ,B(— iO_ZV + ,Bm)w = Iﬂ%—"f

*"m |s_then isolated and pr_oducts of (I,B ~ + I,B(Z V m) =40

guadrivectors can be rewritten \

These are the so-called
Dirac matrices or = (8,d) = (r°.7) 0y = 6t 7

"' matrices

—> (i;/“.aﬂ—m)t//:O
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A quick reminder on quantum mechanics (prerequisites ?)

1. Dirac equation in "covariant" form

Dirac matrices Y* =B, pa) = ", 79)

k (O ij 0 [I O]
in Dirac-Pauli representation 7 = foy = y =pf=

- Ok 0
k=1,2,3

Very useful properties:

1) Anticommutation relations :
yhyr +yryr=2g# olg=1 siu=1=0
-1 siu=1#20
0O siu#i

2) (y?)2 =1, (y )=
3) y#* =y? y# y0 (hermitian)

A yi=iydyl 2y (2 V=1, )=y, {y% =0

Ecole Joliot-Curie 24 — 29 Sept 2017 E. Liénard 25



A "quick" reminder on guantum mechanics ?

Dirac matrices

i i » Before ~ 70's another definition for the Dirac-Pauli representation:

k_O 'Iak 4: O:I O
" “lio, 0 7 =7 70 -

and y =yl yZ iyt (P P=1L () =y
=  Possible reverse sign in some expressions...

It is used in papers published in 50's and 60's
while the "new" definition is often used in more recent papers

» Other representations exist, used for specific purpose

Example: Weyl representation 2 2 components theory of neutrino (see later)
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A "quick" reminder on guantum mechanics ?

. . . a —>
2. Equation of continuity a—/t) +V.j=0

¥ x (Equation) — (Equation)* x ¥ mmmdp 7+ x (Equation) — (Equation)* x ¥

because they are matrices

. 00y k Oy
Equation : I “_@ —-m —0 wmp Iy ——+I ——mM 0
e
asv+ P g
‘ (y0)+ Z axk k)+ myt =0 2 ‘i‘\) P J
hermitian >y
| | o
=y° = —y* = #signs: impossible to write

a covariant form !

Cunning: Multiplication on the right by »?...

mmp .. exactly the reverse operation than performed at slide 24 !!
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| Theory.
A "quick" reminder on guantum mechanics ?

. . . a —>
2. Equation of continuity a—/t) +V.j=0

Multiplication on the right by »?...

N L ASR S ¥l
—l ot YV —1

= +)/O)/k Thanks to anticommutation relation

If we define a new quantity called the adjoint spinor: ¥ = @ty0

then we can write again a covariant form for the adjoint equation:

0, y" +my =0
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A "quick" reminder on guantum mechanics ?

. . . a —>
2. Equation of continuity a—/t) +V.j=0

¥ x (Equation) + (adjoint equation) x ¥ =0

P x (iy”ﬁﬂ—m)l// + (10, yH+my)x ¥ =0

— 6;[(177/#%”):0

mmmmd Form of a "current" : jlu — 1)77/ luw

AN
»

<

) g

u = 0 correponds to the probability density 0 = lV}/Ow = w+7/07/0w = w+w
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Some tracks on theory: from Golden rule to events distributions...

Il. The transition probability  (<f|H|i>)?

==p [ decay interaction density: Hﬁ ~gJd.L

where J: Hadronic "current”, L: Leptonic "potential”, g: interaction strength

Q : What are expressions forJand L ?

J oC 577/1@” and L oC 1)77/’111,” too

to ensure Hﬂ to be a Lorentz invariant !

— H,B h (lppyqun) (L[_Jeyﬂlpv)

in a very "basic" version (Fermi theory in fact)...
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Some tracks on theory: from Golden rule to events distributions...

ll. The transition probability  (<f|H|i>)?

A more general version can be built, involving all possible currents combinations

 as 16 independant matrices can be built from the Dirac matrices:

| e oyt u<y) ity (A<u<vy) ylyiyiy? number of
[1] [i] [i] [i] [ == atrices
y? yoy! yor 'y’
y! y%y? yor 'y’
y? y o3 vy’
7/3 7/]7/2 7/17/27/3
yly’
y2y’

* giving the following basic currents:

T VR s AV AV Ve e T
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Some tracks on theory: from Golden rule to events distributions...

ll. The transition probability  (<f|H|i>)?

Behaviour under
Lorentz transformation

Basic currents Type of current

72 Invariant
—)> I
vy Even for coordinates inversion (P) >calar >
— I Like a vector — Vector V
vy vy In particular sign change under P
e oV Like a tensor of rank 2 — Tensor T
vr-rv In particular invariant under P
— AUV Like a vector :
m—)> Axial-vector A
vy rrvv But invariant under P
C replaced by 177/5}/“1//
0,123 Invariant m—)- Pseudoscalar P
vy vy orwvw But sign change under P

C replaced by ';77/5';”
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Some tracks on theory: from Golden rule to events distributions...

ll. The transition probability  (<f|H|i>)?

» General form of f decay "hamiltonian” (Lorentz invariant - scalar form)

Hp= S Cilwp0() 6 wn()) we()0iw, (x)+he.
I=V,AST,P
with C, (~g;) : coupling constants, chosen complex in general case

h.c. : Hermitian conjugates written explicitely for symmetry

* After Wu's experiment (P violation), a component involving y° was added "by hand"

Hg= 2 (Wp(x)oi Wn(X)XWe(X)éi(Ci+Ci7/5)wv(x))+ hc.
1=V ,AST,P
with C,', C, : 2 different coupling constants to control degree of P violation

« Standard Model: only V & A - "Standard" currents @

===p | The study of correlations in S decay enables to test existence of "exotic" currents
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Some tracks on theory: from Golden rule to events distributions...

Il. The transition probability  (<f|H|i>)?

He= = ([#p(0)0 wnOO) #e(X)B(Ci +Cirs Wi (X)) + he.
i=V AST,P

===p The study of correlations in B decay enables to test existence of "exotic" currents

but also the degree of Parity (P) violation (weight of term containing )

and why not Time reversal (T) and Charge conjugation (C) ... ??

P r—-r T to-t C g—q
Space inversion Time reversal Charge conjugation
Mirror reflection +

rotation by 180°
(invariant) )
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Some tracks on theory: from Golden rule to events distributions...

Transformation of H; under P, Tor C === Invariance conditions on C;, C; ?

Technigue: 1. Transformation of wave functions (using Dirac equation) long &
2. Transformation of Basic currents beyond

3. Transformation of H, the scope
Important effects: 1. Eventual change of signs (P, T, C)
2. Inversion of role of particles (T, C)
3. Change of sign for terms involving y> (P, T)

requires to write explicitely h.c.

3. (Ya0iv°¥p) > —(Ppy°0;%,)

he= X @00 w00l 7, (0C —Ci75)0we ()
1=V ,AS,T,P
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Some tracks on theory: from Golden rule to events distributions...

P 1. Eventual change of signs (P, T, C) wmsp 2X (H& L) === no effect !!

3. Change of sign for terms involving y> (P, T)
HP = (7 (X ) G wn (X )\ we(X )O(Ci —Ciyg Jw, (X)) + he.
[

) = invariance (means =) if C'=0
= maximal parity violation: |C;| = |C/|

Consistent with the addition of this term to account for P violation...

Hp =3 (7p (x) O wn ()| we ()OI (Ci +Ciys)w, (X)) + he.
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Some tracks on theory: from Golden rule to events distributions...

T 1. Eventual change of signs (P, T, C) wmmp 2X (H & L) === o effect !!
2. Inversion of role of particles (T, C)
3. Change of sign for terms involving y> (P, T)

HT :Z(Wn(x" )OI 1//p()<" )X IVV(X" )(Ci —Ci7/5 )Oi';”e(xu ))+
|

+ (Wp(X" ) Oj wh (X )X 7e( X )0i(Ci +Ci 5y, (X° ))

mmm) | = invariance (means =) if C,;=C* & C/=C*
— C;&C/ real

H,B = ?(Wp (X) éi ¥n (X)X Ve(x)()i (Cj + Cil7/5)Wv (X)) +

+ (’77n (x) O vy (X)X 7, ()(C; —Ci 75)01we (X))
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Some tracks on theory: from Golden rule to events distributions...

C 1. Eventual change of signs (P, T, C) wmmp 2X (H & L) === o effect !!
2. Inversion of role of particles (T, C)

—-Change-etcignforiormsinyuoliingan L T

( HC = 2(7,(x) O w p OO\ 7, (XX Cj +Cirs Oiwe(x)) +
|

+ (7500 G wn () 7o ()BIC] —Ci 75 W (X))

mmm) | = invariance (means =) if C,;=C* & C/=-C*
— C,real & C' imaginary

s =275 00 01 v (0] e (2901 (€3 +Cirghw, 00 +

+ (7000 6w p (0] 7, 0O(C] —C5)Owe ()
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Some tracks on theory: from Golden rule to events distributions...

Transformation of Hy under P, Tor C ==y Invariance conditions on C;, C; ?

SUMMARY P G =0

T C., C: real

C C. real, C; imaginary

= invariance under 2 operations = invariance under the 3@ (CPT theorem !!)

= violation of one symmetry = violation of another one !

) The study of correlations in 5 decay enables
to test the violation of fundamental symmetries

... and the existence of "exotic" currents
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Some tracks on theory: from Golden rule to events distributions...

"Progress report”

2 dn.dn,
d?2 = N(variables) = == Vq|" d( vy
h dE,
transition probability / \
(<f|H]|i>)2 density of final states

|. Constrain the open space

It is necessary to go deeper in theory : to reach correlations
- How managing hadrons & leptons ? (angular correlations !)
- How involving Dirac formalism, the fundamental l S—v correlations

relativistic wave equation ?
~ PeH(Q — Te)? sin(6) dp.dod

!

Hp = (7 (9 O wn (9N 76 (001 (Ci +Cizs)yy (X)) + he | with 1=V, A

Il. Interaction is here !
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Some tracks on theory: from Golden rule to events distributions...

d24 = N(variables) = 2~ ’Vf,‘ g dnedny

dEo
l [—v correlations

AN/ 2
d24=N(p,,0)dp.do = 2wV p2(Q-T. )2|vﬂ\2 sin(@)dp,dé
hics

!

here "V" Is a normalization volume \VA
which cancels with normalized wave functions
chosen in Vg !

:Hﬂ

Hp =3 (7p () O wn ()| we ()OI (Ci +Ciys)w, (X)) + he.
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Some tracks on theory: from Golden rule to events distributions...

Vf,- = H,B Framework and approximations

Hg= 2 (Wp(x)oi Wn(X)XWe(X)Oi(Ci+C}7/5)WV(X))+ hc.
1=V ,AST,P

Particles described with normalized plane waves
w(X) = ﬁu(q) exp(—ixq) where xq = (Et-g.F)
& u(q) is asolution of Dirac equation = Dirac spinor
* For leptons: allowed approximation (€ =0) — exp (-ixq) ~ 1
* For nucleons: nonrelativistic approximation (NRA) — u(q) = u(0) —» Basic spinors

u®  u®
1 0

(at the particle level, p = n = nucleon)

* Nucleus decay > superposition of plane waves 0 1
each term  UpOjup is computed in the frame of NRA 0 0
0 0
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Some tracks on theory: from Golden rule to events distributions...

Vi = Hg

Framework and approximations

Important consequences due to NRA (at the particle level, p = n = nucleon)

i Relativistic NRA
expression

S UpUn 1 foru,=u,

Vv Upy*un 8,0 foru,=u,

R4t <gl> foru+ 0, v+ 0
p7" 7" Hn J, 1, veycl,
0 foruorv=0
A 5, U -<o#> foru+ 0
u u
p7 7" Hn 0 for u=0
P Erp7/5Un 0

Computed explicitly

m=d> | limited to y* — no spin ! {

m=p . Pauli matrix — spin involved !

=== o pseudoscalar term !

Nuclear part not easy to compute precisely — nuclear matrix element M
(in nuclear physics, p # n and Isospin operator makes the job! See slide 16)

S, V: no spin » only Fermi transitions: Mg

T,A: spin —

Ecole Joliot-Curie 24 — 29 Sept 2017

E. Liénard

only Gamow-Teller transitions: Mgt
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Some tracks on theory: from Golden rule to events distributions...

Vf,- = H,B Framework and approximations

Important consequences due to NRA: example of computation (V) Upy”un

-1 0001 1) (0
0 o1} 0010 0| |o
1_ 1)_ 1,1 _ 1| VY|_
— — us’ = —
4 (—01 oj 0-100| ~ " ~"lo||o
100 0 0) |-1
u lgr)ylur(]l) =0 whatever "r"(lor 2)
100 0 1) (1
=0 1 0) (010 O 0| |o
0_ _ 0.1 _ 0/ 0]_
— — us’ = —
4 (o-lj oo-10| " 7lo| o
00 0-1 0) |o

o0l =1 ifr=1
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Some tracks on theory: from Golden rule to events distributions...

/ particle antiplarticle \
= ZM; [0 (6 )O[Ci+Cip 1w (-G, )]

where M; is the nuclear matrix element in the frame of NRA

327z

d°4=N( pe,0)dpedd ==
h¢3

(Q —Tg ) X sin( @ )dp.dé

2
where X = ZMiUe(+) (qe)FiUS_) (—d,)

= > M;MadH @) Ful? (-4,)a8 7 (=6, )7 °F; 7 %ul?) (Ge)

I
F=0,(C+C/’y)
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Some tracks on theory: from Golden rule to events distributions...

X = S MiM jud (de) Fus (0, )us 2 (-0,)7°F 7 %ué (@e)
]

Fi=0;(C+Ci'y)
Explicit computation of X depends on the type of correlation investigated

Example: "pure” p—v correlation mmp  Sum over all possible spin values &

» unpolarized radioactive nucleus average value on possible directions

: : of nucleus polarization
* No spin detection

Xnp = ZIMiM Daverage £ (U8 (de) Fus ™ (=g, ) (=0, )70 F; 7Pud ()]

i spins

|

. 2
S,V — no spin (MiM7)average = M|

. 2
| N average on 3 Pauli matrices
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Some tracks on theory: from Golden rule to events distributions...

Example: "pure" B—v correlation

Xnp = ZIMiMDaverage = (087 (@) Fiud ™ (=0, )u 7 (=6, )70F; 7 0ud (de))]
1] spins

Computation based on: 1. Relations for Dirac spinors (‘completeness” relations)
which lead to traces computation

2. Specific properties of traces of y matrices products

This computation is very long and totally beyond the scope of this course
— detalls in E. Liénard, Habilitation & Diriger des Recherches (in french), Hal Id: tel-00577620

© © 10
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Tous ces temmes peuvent éfre calculés grice aux propnetés des traces de
démontrées & I sectnon L24, En particulier, tous les tenmes contenant un prod
matrice y “ et de moins de quatre matrices 7~ différentes sont nuls. C'est le cas pour les lennes
L IV, VL IX e1 X, Pour le terme [X par exemple, les matnces o¥, produits de deux matrices
7#. sont identiques et dés lors, par le jeu des anticommutations, elles n'interviennent pas dans
te compte final du nombre de matrices /¢ » " est alors accompagné soif de deux matrices »#
(terme yg.oVy 7y gic’) soit dune seule matrice »* (terme me ¥y “yque?)

Les traces restantes sont calculées explicitement ci-dessons.

L Tof(y"gentmie)(r'qa)] = 4[EcEv - ey ]
Triqa?qu] + Timequ] =4gas + 0 par 1222} e (12.23)
n Tl[({ q«:'llh]‘('(/ L} O h"’] J[EE\ + qt q\.]

Tl (#quir ] = Trlme o ga] = Tr{(PE—Parr’(FEv—rqui®] + 0 par (1223)
= T{(*Ee—*ga i PEv=7au)] = Te{~{ "B~ a1 Evrae-27Ey)]

= Tefo Paairtqu = (FEAqai2PE)] = Tr{«{ Pqerqu) = (2APEE) - (274 g4E/)]
“dgeap+SEE, -0 par(12.22)

Vo Te[(y " gentiie) (Y0 )] = 4 E,
Tof (e ] = Tedme Ve ] = 0 + med g ¥qa = 4naBy  par (12225 et (12

VI T (Y Qe me)a'i(v qu e’} = 12[EEy + —q, Qv

V=142 1) delinis par lapproximation non redstrvists
Tef{gu)o gu)o’] + T q.uou]
e e =0 par(l2.
T quilrd - 70 Pl A - A14]

Treois tenmes sont & calewler, comespoodans aux couples (1)) = (1.2), (2,31, (3,1)

Explicitons le presiey cas

LA T (g = PR gt 7]
se décompose en 4 tenmes

(@) PR = 2E - PR = 2 P - Y = 2780 e Y par (1213
- 2504 7 - (280 - M) = 26y = 2Gar - A et (12.14)

(b) « A = AR = 280 + 28R - par mmlogie aves (n)

=25yt = 2 - e

7 ""‘J‘J '*'l‘-.@nz”.‘&uf—(‘ idemn

Au total, ces 4 tenmes donnent - 85iy! + 85ur « 32 que 'on wsere dans la trace ci-dessus -
<18 Trf{#qam)(87°qve = 577qu: = 474qw )] = =L 4 [32qeiqut = 32gaqva = 16Geqs]  par{1.222)
Les deux autres expressions en (1)) donneront des résultats analogues :

(1) = (2,3} 2 <14 [«32q0qez - 3250901 - 16Gq]

(i) = (3.1} D <14 [«32qequs « 32qu1q1 « 16G4]

L'ersemble des terines condut finalement 4 I'expression suvanrs
14 [6dquan = 6igaqu + igaqa + 45quq] = 4 [14,.4, ~ Iga] = 4§ [Gedy + 3EE]

(€ -7 A = At

VL Trf(y Qe me S qun¥] = 12[EEy - ;ae.av1 aveck# 0(ANRY

AN.R : Approximation no relativiste.

ECUIU Julnuil-culie L4 — £Y9 OEpPLLULY C. LICiiailu

En posant

I'équation (L.3.11) s'érit

et la distnbution du taex d'évenements (13.7) ;

Examples

Pqe ¥ qu ] = Trlme(rqui]
premat =0 par(12.13)

';'l'l)'{t A28 - P = 280y +

:‘L{L/ L ':6‘-";'1 S

At = 2Buyt =

D 200y Gy - Suyt) ¢ 3

2 Trf(Mqed-20quy’ * g * qur’) + 3r'gu] = $quge * Geghz + Quge) + 1240
= 8Gedy * 12(EEy - dedly )

XL Trf(y"qeptnn )y qu ¥ ] = -12m.E,

Dans ¢e cas. 4, j ot k preoment les valewrs 1. 2 ¢1 3 de mamsére cyslxque. Regardans Je premier
cas o
rl'{l igent e il ) :‘ ':'x“ q\kf'{)f’ 11'
T “w« 77 PN PR 2] * Tefimdrts - PP 2]

30 par(l224) —_

AP AA AN = 2 AN

Les traces de ces produits de mmatrices ne sont pas mlles 2 2 = 0 (1.2.24).
> Tefimey' ) 171 = Tefoimer A2 PE ] = imd49E,  par (12.25)
Un résultat analogue est obtem pour les deux autres cas. conduzsant au total a «12nyEy por 1a
valewr de cette frace,

XIL  Trf{y"qetmelatiy qu n*j =0

Les salews de 4, j ef k somt cyehques comne dans be cas précddent, Le déselopp du
produat des matnices condut 4 nue valewr nulle pour le prenuer terme par (L.2.23) et il revte
seudement le termse mcluant la masse m, : Trfmeo™ gl &) Développom le cas comrespondant
afigk)y=(1.2.3)
07 - P 2 3 2408

sih=0, l MAALY D Tri)=0 par(l129)

wrn=0, "‘""‘" ~ D Ti)=0 par(1222)
Eo conclusion, 1a trace de l'ele'menx XTI est nulle dans tows des cas

Les expressions swavantes fourmssent les formes des remmes 4 er 8 de (L3.11) aprés inclusion
des valenrs explicites des traces calculées ci-dessus -

A= ((Csr+esPK1- Jedv ) - geypeioyiyn Jedv ) < aRecsev+Csey?) ':—° }

ey chv c

B= {(Cri= cmsm;": Ay )+ (CAP+CAF30- :‘t‘ “b“ )+ 6Re(C1CA™+CrCa )E—°

eCw ol ¢

2= MeF(C s.“*l('slf‘!(' viEICv ) + MerP(ICr+iC r?%i(‘-Af"‘iC'AjF)
a = [MA(-ICs/-|Cs =IOV +ICv ) + MorP(CTi+ICTP-ICal-/Ca F)/3] / 2
b= [IMelRe(CsCy™+CsCy ) + IMar Re(C30A +CrCa7)] /&

‘ic"?v +b 2m, }

Xnp=3(1+a
EEy Eg

l
N(p..0)dp.dainy, = p,(Ec. E.)* -um:* :

W
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Some tracks on theory: from Golden rule to events distributions...

Example: "pure" f—v correlation

327%
h'c3

N (pe,8)dpedé = pe (Q-T,) 5(1+ave cos(6’)+bmec )sin(8)dpedd

&= IMeP(ICs#(Cs P+{CylP+|Cy ) + [Mgr[*(IC+(Cr [P+Cal+ICA?)
5 | 8= IMePCICHCSPHCLPHCP) + IMarf(ICHHC-CA-ICARY3] 1 &
\ ! 1% * ! %
b = +2[|MePRe(CsC, " +CsCy ™) + [MgrPRe(C,CA™+CrCa)] / &

pr ———

a: (v angular correlation parameter b : Fierz interference term (cross-terms)

Current a S Standard Model: V- A
Scalar -1 Mc[? (|Csl2+|Cs
Fermi { IMef* (CsFCSF)  The distribution of events
Vector +1 IMc[2 (ICy+ICy P drastically depends on "a".
Axial 1/3 | IMaaI2 (ICA]24IC 12 « A measurement sensitive to
G-T / IMer (ICAF+CAP) its shape enables to test
Tensor +1/3 | [Mgrl? (IC2+C1P) the V-A theory !!
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Some tracks on theory: from Golden rule to events distributions...

Any distribution can be deduced thanks to integration and/or average values
leaving adequate parameters variable

—) Tremendous job performed by Jackson at al in 1957... f

PHYSICAL REVIEW VOLUME 106, NUMBER 3 MAY 1, 1957
Possible Tests of Time Reversal Invariance in Beta Decay Old Y matrices
J. D. Jacksox,* S, B. TrEman, axo H. W. Wyrp, Jx. dEfInItlon !!
Palmer Physical Laboralory, Princelon Universily, Princeton, New Jersey

(Received January 28, 1957)

w({(J)| Ee,9.,2,)dE.d2.42Q, [-v angular parameter

1
Example =a—)gp8EE(EO~Ee)2dEedﬂedﬂy£{ 1 Fierz
w
Polarized nucleus (J) . [1 Pe-py (pe-d) (p»'i)][f(f+1)—3((1-i)2)J
d= —
& 3EE,  EE, 7 (27—1)
B — v correlation
£ asymmetry "Triple" correlation
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Which term for which physics ?

Key: behaviour of involved vectors under P and T operations

/o \

p changes sign P, J change sign
Terms of type P1-P- J.p J.(p1Xp,)
Invariant Invariant Invariant
under P & T under T under P
but not P ! but not T !
Examples: aM A j'ﬁe D J.( PexPy )
EcE, JE J(EE,)
| Mer|*

at=|Mp|*(—|Cs|*+|Cv[*—|Cs |*+|Cv'|H)+ (|Cr|?=|Cal*+|Cr'|2—|C4"|?

a <

Cl.(')| > mmp ot Sensitive to the character real or imaginary of the constants !
m==d sensitive to the types of currents involved in weak interaction
Experimental setup: sensitive to the shape of the S—v distribution
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Which term for which physics ?

Terms of type P1-P> J.p J.(p1Xp,)
Invariant Invariant Invariant
underP & T under T under P
but not P ! but not T !
Pe-Py jﬁ j(ﬁxﬁ )
Examples: a S ey

1 J=T'=J=1
A;f'{ 1/(J+1), J—)'=J
—T/U+1), J—T'=J+1;

Ag=2 Re[:l: | Mar| s 5 (CrCr™* —CaCa"™)

J 3
+85r7| Mp|| Mar| (};—1) (CSCT'*+CS'CT*‘“CVCA'**'"CV'CA*)]

A« |Mgr|C;C; wmmp < notaccessible in pure F ! [

*A#0=C/#0 w=mdp | Test of P violation | measured
by Wu

Experimental setup: 1. Radioactive nucleus must be polarized in controlled direction

2. Detection of e- in optimized direction vs J (0° and/or 180°)
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Which term for which physics ?

Terms of type P1-P> J.p J.(p1Xp,)
Invariant Invariant Invariant
underP & T under T under P
but not P ! but not T !
Pe-Py jﬁ j(ﬁxﬁ )
Examples: ad—— S ey

J )
DE=21Im{é, 7| Mp| | Mar| (}:I) (CsCr*—CyCa*+Cs'Cr'*~Cy'Ca'™)

D o Im(|Mg||Mgr|C;C;) == < notaccessible in pure F nor in pure GT !
= Mirror transitions

« D # 0 = C, not purely real (due to "Im")
= T Reversal Violation (TRV) !

Experimental setup: 1. Radioactive nucleus must be polarized in controlled direction

2. Sensitive to S—v correlation in optimized direction vs J (0° and/or 180°)
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lllustration: Discovery of P violation by "Madam Wu"

|. History

» Before 1955, symmetry ok for all interactions but W.I.
* Puzzle 6 — 1
= 2 mesons seen by their decay: 0+t 2> w+ w°
"2t
= Same mass, same half-life > same particle ?
meson K with spin 0 ?!

» Problem: decay to systems with 2n and 3r - different parity !! )

° Lee et Yang’ PR104 (1956)254 PHYSICAL REVIEW VOLUME 104, NUMBER | OCTOBER 1. 1956
Question of Parity Conservation in Weak Interactions®

"'SUQ_QESt experiment with of the question of parity conservation.) To decide

polarized °°Co unequivocally whether parity is conserved in weak

interactions, one must perform an experiment to deter-
mine whether weak interactions differentiate the right
from the left. Some such possible experiments will be

I(#)df= (constant) (14« cosf) sinfds,

where a=Ap./E, A:pasymmetry parameter
0 = angle between nucleus spin and e momentum
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Discovery of P violation by "Madam Wu"

|| Mme WU experiment’ PR]_OS (1957)1413 Experimental Test of Parity Conservation

in Beta Decay*

R 3744 & C. S. Wu, Columbia University, New York, New YVork
il S "3’«‘5 &\:25' AND
ggCO ,\&?"e:%* & E. AMBL::‘VR, 'R‘a\lVI'S'HJ\YWAR% D. D. HOI,’I’ES} AND RI.)P. Hubson,
Q, =2823.9 IR hl & Nation urean of Standards, Washington, D. C.
I ) . thfé\;"\*‘ & . ° 6OCO source: {Received January 15, 1957)
0022% Siian 2 TTISS é.;; *5e.64 020 P
LB S SR maeans:  Main decay: 57 — 4% selected by y detection (1173 keV &
ot i 4 8 atabi .- ) _ )
' 50N “* Pure GT transition: M =0 1332 keV

* Nucleus polarization:

Source put on a ferromagnetic support in an

i i - 114
external magnetic field Example: *In

Zeeman states

—> High field in the support for a weak external field energy

» negligible effect on the B's
= orientation of radioactive nuclei at low T° (~0.01K!) .5 fieid

m=+2 ‘ ’

m=+1

thanks to different populations of hyperfine states ¥ i, M
=2
Population - Maxwell-Boltzmann — ™
field on =
p(m|) - eXp('m.(AE/kT)) populationj
— WArm mm COld
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Illustration

Discovery of P violation by "Madam Wu"

* Nucleus polarization measurement: from y anisotropy

» [3 detection at 0° & 180° (switch of magnetic field orientation)

MUTUAL INDUCTANCE
THERMOMETER COILS\

Ecole Joliot-Curie

It
SPECIMEN—_| W

HOUSING OF 3
CeMg NITRATE =

24 — 29 Sept 2017

PUMPING TUBE FOR
VACUUM SPACE

RE-ENTRANT
VACUUM SPACE

B detection

ANTHRACENE CRYSTAL

v detection

E. Liénard

If P invariance, then same [3 counting rates
is expected for the two directions of B

13 T T T T T T T T
GAMMA - ANISOTROPY

Q) EQUATORIAL COUNTER
b) POLAR GOUNTER

b3 —
o«
<
=g
E|w N
<
ol
=z
Z{ _
z|2
83 .
o
o
v
1 1 — 1 | 1 | ]
1 T i 1 1 I 1 T
GAMMA-ANISOTROPY CALCULATED FROM (a)&(b)
03 e . WR)-WO) 7l
w(T%)
EY o2k ? =
FOR BOTH POLARIZING FIELD
UP 8 DOWN

B ASY l[\AETRY1 I(AT pIULSE I - Rates
HEIGHT I10V) .
ol oe higher
<l
— at 180°
geor A Bl than at 0°!
V osol-* N

i | I I
07062 & 6 8 10 12 1a 16 18
TIME IN MINUTES
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Discovery of P violation by "Madam Wu"

* Nucleus polarization measurement: from y anisotropy

» [3 detection at 0° & 180° (switch of magnetic field orientation)

Illustration

Asym. ~ 0.2
v’ B asymmetry: mainly emitted at 180° vs J — T T—T—T— T
B ASYMMETRY (AT PULSE -
HEIGHT 10V)
« M EXCHANGE
GAS =

YW(O)x 1+ Erie 1+ APYcos()
e

% J

Asym.~0.27] 5 g4 Polarisation degree:

COUNTING RATE
COUNTING RATED 0

vic ~ 0.6 J (asym. = a vic) (y) >P~0.6 BRI 7 L

mmm) (A<Oet|A|>0.7 (a/P) without uncertainty ! but clear evidence

of parity violation in W.I. !!

* First information on "helicity"

213 - 1. e preferentially emitted at 180° vs J
I — I v 2. AJ = 1 — lepton spins aligned in J direction
00Co soNi* | e — electron is left-handed !

(and anti-neutrino is right-handed)

Ecole Joliot-Curie 24 — 29 Sept 2017 E. Liénard
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Discovery of P violation by "Madam Wu"

l. Mme Wu experiment A<-0.7

LOOP SYSTEM

II. 1980: Chirovsky et al., PL94B(1980)127 [F3mLE wgere |

DIRECTIONAL DISTRIBUTIONS OF BETA-RAYS EMITTED FROM POLARIZED 50Co NUCLEI

LIO.N 1Q He TEMP.
L.M. CHIROVSKY, W.P. LEE, A.M. SABBAS, J.L. GROVES an roow Ytz LoneTeMe

Department of Physics, Columbia University, New York, NY 10027, USA \'. S%U(? CE Eggs
\qr { t,' ‘)_/
Measurement from 10° to 170° vs J , ' ‘/?m,
. . H ‘E Lcoiss
« with shutter (y only) and without (B +7) i | J 3
9 _LOOP & / _B)
* with cold and warm source cLaMps | j / 3 suareoen cone

a__\_ .

,7 m N WINDOW \

¢ | i
~ ' A
' ; SOURCE Toba o e
* WINDOW | cuwsé SOWeE ¢ s»-umr_ﬂ J

o

OPEN | 1 s
[ .SPECTRUMH 600, Fi_ S'&%Juﬁhm\/ oersclrcn
5 | ' o1+t SPECTRA i DETECTOR HOUSING
f o’ ' REGION : FRO0M TEMPERATURE i iea—,
OF z e *. .
© i | ANaLYSIS ~
- ?L LI :
g W() = Spectrum(5+y)cold —SPECtrum(y)cold
5 [ winoow e Spectrum(B+y)warm —Spectrum(y )warm
s T |
't - .....' i"... | _
L B l‘““w“—“‘:“;;fjl‘1OAOIOAO; AB 1.01 (2)
o oG 180 200 2%0 00 350

CHANNEL ENERGY (heV)
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Discovery of P violation by "Madam Wu"

Ag=-1.01(2) Why does this value imply a Maximal Parity Violation ?

1/(J+1), J=J'=J
/T+1) S ,=1

1, J—=J'=TJ-1
<= J=5>1J)'=4
AJ'J':

=J/(J+1), J=J'=J+1;

v

AE=2 Re[:l: | Mar|2\y 7 (C2Cr™* —C4Ca™)

J 3
+85 7| Mp|| Mor| (};—1) (CsCT'*+CS'CT*“CVcD

v =0 =0 (MF=O)

& =QUP(ICs P+ Cylt+ C's 2+ IC D |
F Mol (Col*+|Co -+ IC 2+ 1C"sP?)

Standard Model : 1. Time Reversal Invariance = Real coupling constants
2. V-Atheory:C;=0

2(—CACh)

— A= ) A fA‘z =-1 if C,=C, Maximal Parity Violation !
([CAP+HCAD)

ASign reversed in new notation ...
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A word on some approximations and needed corrections

L . : 3_ 104 at
|. Nonrelativistic approximation (nucleons) At 10~ — 10 precision level

Expressions deduced without recoil energy... "Recoil" corrections

B.R. Holstein, Phys. Rev. C 4 (1971) 740

ll. Nuclei basically described ,
B.R. Holstein, Rev. Mod. Phys. 46 (1974) 789

Expressions deduced without strong interaction "Nuclear" corrections
effects...

lll. Charged particles radiate

Effects of radiation not taken into account... "Radiative" corrections

F. Gliick, Computer Phys. Comm. 101 (1997) 223
F. Gliick, Nucl. Phys. A 628 (1998) 493

V. Final state interaction "Coulomb" corrections

Coulomb interaction between B and recoil ion  J. D. Jackson et al., Nucl. Phys. 4 (1957) 206
(Fermi function) J. C. Brodine, Phys. Rev. D 1 (1970) 100
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A special case: the Fierz term

()| E 000,02, dE.dQ.4Q,
JD Jackson et al PR106 (1957) 1 Do P>
=———p B, (F— Ee)ﬂdEengdﬂ,Js{ 1+a Fierz
ST (27)5 E
Events distribution . . )
for +G[1 p.-Pr  (pe3)(ps -J)][J(J+1)—3((J -1)2)J

& ¥

Polarized nucleus (J) 3 E.E, E.E, J(27—-1)
& D P B _PXDs

B — v correlation +— | A—+B—+D ’
J E, E, B E,

&= IMA(|Cs[2+|Cs [2+|Cy [P+|Cy [2) + [Mgr(|C12+|Cr [2+|C AP+ |CATR)
b = +2[[MRE(CeCy+C Cy) + [MarPRE(CCA™+CrCa™)] /&

« Always present, even in  energy distribution, due to cross-terms (S-V, T-A)
2> b=0inSM!

* "ldeal" to test V-A (linear dependence in C;) but difficult to measure directly
In B spectrum because of scattering
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A special case: the Fierz term

How is it managed in correlation measurements ?

In the framework of V-A theory, b = 0 - no problem !
Otherwise: b ~0 — bis "included" in the measured correlation parameter

Example: f—v angular correlation measurement

2
N (pe,6)dpedd = N (pe)(1+a-2cos(6) +b ") sin(6)dped
N (pe,68)dpedd = N (pe)(1+ &~ cos(6))sin(f)dped 6

where a=a/(1+b <m.c?/E.>)
\_Y_l

Mean value computed from real values accessible to experiment
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Theory/experiment

A special case: the Fierz term

Conseqguences  example: pure GT transition g

= agr / (1+bgr <m c¥E,>) [1]

B exp
(BY) measured value
_C2 CZ_c’Z/c2
_ ] cacR-ci-cy :_lZCT/A 1 /CA
A1 = 3oz | MPVIA) > G=¢ [ %1 T T 3acgogcr/e
b . 2 RE(CTCZ+CTCX) . b — 2 CT /CA+CT /CA
GT — C%+CE+C%+C'|-2 TRI —> C,-,C,- real 2+C%/C£+C /C2
/ in [1]
C—% CT :|'2 CT 2 —
C—/%(ae 3)+2a,, el T %(ae 3)+2a,, <= +2a, +5=0
_m c2 m c2 MgC?
— [ 8exp< ée ]2 n [CT n Bexp< Eee ]2 B 2ae2xp é >2 2( Aexpts )
Circle equation (aexp 3) (8exp—3 1) (aexp_§ )2 (Qexp— 3)
. anp mlgs g . . 2ar;%xp< EC2 ? 2(a +1)
centered at: Xo :YO =_ == with radius: R = exp™3
(8exp— 3) (Bexp— %)2 (anIO_%)
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A special case: the Fierz term

Conseqguences example: pure GT transition

MgC2 Mg C*
_ Qexp< g > <E > ~
Center: X =Y. = ——— oy ——=
0 0 (aexp_§) 2

——— myc? >~ because a,~-1/3
\/ 2aexp<E—e>2 2( aexp+% ) < Ee >

( aexp_% )? ( aexp_% ) - \/E _

——= Circle position and its radius are dominated by the factor <m_c?/E_>

Radius: R =

0.2

Example: Measurement in °®He decay by Cr I'Ca
Johnson et al Phys. Rev. 132 (1963)
corrected for radiative effects by 0

F. Glick, Nucl. Phys. A 628 (1998)

0.1

)

-0.1 }

8, = -0.3308 (30) et <m,c?/E,>=0.286 00 |

-0.3

Xo=Y,=-0.142 = -0.286/2 = - 0.143
I C;/ Cy
R =0.22 S 0286/\/2 =0.20 o4 03 02 01 0 01 02
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A special case: the Fierz term

Conseguences  example: pure GT transition

MgC?2 meC?2
_ Aexp<p—> <E > .
Center: X, =Y=——%— = — e
0 0 (aexp_g) ?

>~ because a,,~-1/3

Radius: R =

2 _MeC? ,
2agyp< E > B 2( aexp+%) _ < E, >
( aexp_% )? ( aexp_% ) A2 _

——= Circle position and its radius are dominated by the factor <m_c?/E_>

0.2

C,'/C, SM

Limits  Aa,,, — AR (+ 4X,, AY,) o

exp
0

= ~ spherical layer

-0.1

-0.2 F

Conclusion: the most sensitive candidates

-0.3 F

are the ones with the highest <m_/E_> ...!!

-0.4
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The Standard Model (SM) and beyond

Experiments (>1955):

Time Reversal Invariance : C;, C; real

Maximal Parity Violation : C,=- C’ /\ SIE EIEPEES €
y matrices choice

Hus = [#7(X)7*(Cy +Car” W)L we(X)r*(1-7° W, (x)] +he.

J

This expression gives information

on particles helicities !!
What is helicity ?

= projection of particle spin on its momentum
 h <0 left-handed particle s anti-// p

 h >0 right-handed particle s //p
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The Standard Model (SM) and particles helicity

Case of particles with m = 0 (~ v) — defined helicity

a.py=Ey (Independent of /)

= 2x2 Pauli matrices sufficient: a. = * o,

« Dirac equation
Solutions:

= Basis of 2-componants spinors, ¢ and y

mmp G.Pp=—Ep & G.pp=—¢ = left-handed v(p > 0) or right-handed v (p< 0)

c.pPy=Ey & S6.py=yx = right-handed v(p > 0) or left-handed v (p< 0)

» Weyl representation for y matrices:
(v0 is different and then y° too !)

1+7/5_ 00
2. oI

1+)/5 _ 1+75 (¢J: (O
CPw=0)" )=

v state projected on its right component
v state projected on its left component

* Projection factors:
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00

1_75_ | O
St
5 (8 (4
G

v state projected on its left component
v state projected on its right component
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The Standard Model (SM) and particles helicity

Hus = [#7(X)7*(Cy +Car® W)L we(X)r (17" W, (x)] +he.

_,0 5
equivalent to:  we(x)r* 7 (112w () = e () Y 4 (- %)y (%)

5 5
we(x)(1+27) equivalent to (1_27 )We(X)—’ left-handed e~ right-handed v

=)  consistent with Mme Wu experiment !

...and beyond Hst =Cs[wp ()wn ()][7e (X)(L— 7w, ()] +
+ Cr[wp ()7 7 wn OOI[we ()7#yY (1= 7°)w, (X)]  +h.c.

5
equivalent to: e (X) (12” Ay L=y (X)

right-nanded e~ right-handed v

mmp Helicity measurements enable to determine main currents in W. |.
— famous experiment of Goldhaber in 1958 with 12MEu  Phys. Rev. 109 (1958) 1015
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The Standard Model (SM) and the values of C,, and C,

A direct access through ft values

2 _ Ve meC2 .
d /I_KW(pe)zj(1+a?cos(6’)+b = )sin(@)dp.do

(1. [d0 -> N(p.) independent of a
X 2.SM 2> b=0 A and what happens if we remove this constrain ? — see later

(3. Jdp. > A: A=K E[W(pe )dpe = "2

ty/o A This is a
g partial half-life
- f(Z';Eo)

et §= Z(Cv)ZIMFlz"' Z(CA)ZlMGle

N/

These factors "2" come from C;'

o 4.79410-5 -
— Y2 o M 2 +Ch Mer )

www.nndc.bnl.gov/logft/
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The Standard Model (SM) and the value of C,,

Pure Fermi transitions: 0" —> 0 15264 s

Example w
ft1/2 — 4.794 10-° — K" Qg.=5492.20

2
2C7 Mg

+ '
stable &0 J100% 35

34
1GS

Mgr=0
Mg = V2 | forall superallowed pure F transitions (Isospin = decay operator)

m—) C, (V2 C, ...)is a constant !!

V2 C, = 8.8336 10 MeV fm3 (ft ~ 3070 s)

« CVC (Conserved Vector Current) "hypothesis"

- Is "V2 C," the weak interaction fundamental constant ?
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The Standard Model (SM) and the value of C,,

\2 C, -« > G (from pure leptonic p decay:
Ww—>e +v, +V,)

CRCKNIEE < [EREEREN MeV fmd

In weak interaction, quarks eigenstates are a mixing of
their mass eigenstates

Cabibbo-Kobayashi-Maskawa matrix (built on 3 particles generations)

o / \( b - - s
d Vua Vus Vup | d unitarity condition:

s |= vcd Vcs vcb S |V;ld|2+|l/'m|2+|V”b|2=1 7?

b} M Vis Vi AP

B decay energy not sufficient
- \/2 CV — GF VUd OI’ VUd — \/2 CV/ GF o

to produce s &b ...!!

Precise measurements of C,, = tests of CVC & CKM unitarity

(Vs &V, from K, B mesons decays)
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The Standard Model (SM) and the value of C,,

Precise measurements of C,, = tests of CVC & CKM unitarity

l

which parameters to be measured ?

_4794107° _ m
2Cy Mg

max
1. fo Jope W ( pe)dpe = F(Q,B) =) Drastic dependence on nuclei masses !

— Measurements of half-lives

2. t,,=T,,/BR artial half-life
v v P & branching ratios !

A In case of f” decays, electronic capture process must be taken into account

' N

All superallowed pure Fermi decays...!! t,, =Ty (1+Pec) / BR

Pec Is computed with sufficient precision

3. A At high precision (102 — 104), theoretical corrections are needed

=) 2 types: radiative and isospin symmetry breaking (ISB) sy | f_t = Ft

corrected "Ft" values
72
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| Theory/experiment
The Standard Model (SM) and the value of C,

Pure Gamow-Teller transitions:

Ftyp =+ 794 107 S = K" Mg is not a constant &
\MGT \ is not easy to compute.../!

—) Axial current is not conserved Z:ﬁc(

C, measured in neutron decay (F + GT) == |sospindoublet: T=% > | M.=1
+ 3 Pauli matrices > | M, =3

613.9s

[ Fty o = 4794107 ¢ £ 1040’5
Q 62354 2(CV +3CA) 3070 _ ~ 205
| %= 1040
is compared to  (Ft)y+_ o+ =3070s
100% 30, 2% 0 i
Hy
243C%  (1+3C%/
_ 9 _( 2 Cv) (1+é0 ) — Ca_ [(2a-1) _ ~197
- (V2)? o Cv 3

p is the mixing ratio
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The Standard Model (SM) and the value of C,

Sign of C,/C,, : A, measurements in decay of polarized neutrons

L B- Y J=sJ' =] —1
~':=D
A£=2Re[:l:lMarl%*J(CTCT'*—CACA’*) ~J/UH1), J—=T'=T+1;

J 3
+o5 7| Mp||Mgr| (}1—1) (CSCT’*+C.§'CT*“Cvca'**'*CV'CA*)]

p=CxlMgr| / CyIMe| = +1.27 8~ +22| |Co=Cureal,Cs=C;=0 J=J'=1/2

= AZ=2[[MgrA(31)(-CR) + Mg Mgt (52" 2(-2Cy CA)]

J
(7
&= 2IMePICyJ? + 2IMgACal? = 2|MP|Cy 2 (1+02)

A_—p2—2p\/J(J+1) == >0: A=-0.9875

>
(J+1)(1+ p?) =) p<0: A=-0.1174
N \/ — A theory consistent with measured values

= p<0ll
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Special issue on "mirror" transitions

1. (F)nimor COMpared to (Ft)g+yo+ ===  p & %F %GT indecays

2 2
a:(Ft)O+—)O+ :(1+p2) %E CyIME _ 1 _ 1
(Ftmirror ? C\%MFZJFC%\MGTZ 1+p% 2@
2 2
CaM 2
NGT = ——* G; = —1-%F
C7ME|“+CaMGT|  14p
www.nndc.bnl.gov/logft/
log(f % %G
All transitions are Noyau | T (k%@) g/'f) og(f)y [ o | %F | %GT

=14 | -
T =%z isomultiplet n | 6139s [782.354| 100 | 3.017 | 2954 | 17 | 83

(| BN [9.965m | 22205 100 3.665 | 0.665 75 25
< Ne | 17.25s | 3238.8 | 99.986 | 3.231 | 1.804 28 72
SAr | 1.775s | 5966.1 | 98.36 | 3.755 | 0.545 92 8
| %¥Ca | 0.861s | 6532.6 [ 99.998 | 3.63 0.715 70 30

> Large Fermi component !!
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Special issue on "mirror" transitions

2. Large Fermi component!! ==y  sensitivity to CVC hypothesis & V...

() mirror = 4.794107° _ 479410 ¢
mirror 2 2 2 2 2 2 2
2(CyME|"+CxMaT ") 2G7 ME " (1+p7)

... if p can be determined independently !!

C Measurement of a correlation parameter

A _—p2=2p I +1)

(J +1)(1+ p?)
A = p>=2p,J3(J+1)
(J+1)(1+p?)
(1)
(1+p%)

» Already shown in the neutron case (3°):

» Applicable to "nuclear" mirror transitions ():

» Nucleus polarization not mandatory...:  am

Correlations study in mirror decays — tests of CVC hypothesis and CKM unitarity !!
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A last point before illustrations...

Some slides ago ...

2 _ Ve meC2 .
d /I_KW(pe).f(1+a?cos(6’)+b = )sin(@)dp.do

(1. [d0 -> N(p.) independent of a

2 2.SM =2 b=0 A and what happens if we remove this constrain ?

_ 3. Jdp, 2 A: 1=K §IW( Pe )dpe :Itlz—/f This is now !

B — )

If b#0,the shape of f is modified: [W (pe)(1+ bnEfZ)dpe

... and a dependence of Ft vs <1/E_,> should be observed !

as Z{ — <lE,> 1 =) dependence of Ft vs Z ...
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A last point before illustrations...

If b#0... —) ... dependence of Ft vs Z ...

Hardy & Towner}é(2015)

3090 f\
T b.=10.004| _

— 3080} ) - Test of fixed
g : ; ‘i{i}J ' - b values
M\ 3070} (3RS 1 -

3060 A A 2 T 2 A A 'S

0 10 20 30 40
Z of daughter

be = -0.0028 (26) (best y?) ——) C./C,=0.0014 (13)

atlo /

"Best" constraint got on Cg ... under certain conditions ... EXxercise:
In which conditions
—) Let's go to the "lllustrations" part ... Cs/Cy=-be/27?
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lll. From theoretical rates to correlation experiments (21 slides)
* Beta-neutrino correlations
e Correlations involving polarized decaying nuclei
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From theoretical rates to correlation experiments

B—v angular correlation

N(pe,0)dpedd =N(pe)(l+a Vcecos(é?))sin(@)dped 0

 This theoretical rate supposes the detection of the v !! p @/v
 Fortunately the recoil motion is sensitive to 6 *ﬁi/ s
6
¥ Ve

=) Change of kinematic variables

1. Pe — Te : N(pe) - N(Te)
2. 1 12= P2+ p,2+2p,p,cos(0)

) sin(9) df = |dcos(8)| = 2%

0=180°" T,(MeV)

N (Te, r)dTedr = N(Te)r(1+ac " ;‘E’e _p‘”))dTedr
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From theoretical rates to correlation experiments

e 2

<+
\/ nucleus
e
¥ V

B—v angular correlation

Coincidences not mandatory, recoil motion sufficient !

=) |ntegration of the rate formula on T,

At each "r", the 2 limits T, & T, are given by range in angle ¢ or 6

max

re<Q re>Q
Tmin (ono 0=0°

T ¢=180° 0 =180°

max

(rc-Qy (re+Q)?

1l :Z(mec2+Q—rc) mE"X:Z(mecZ+Q+rc)

m=m) (N(Ndr=Cr{f+g+al[f+h(r)]}dr C:constant, f,g (T Tmay)
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From theoretical rates to correlation experiments

|. B—v angular correlation from recoil energy direct measurement

N(N)dr=Cr{f+g+al[f+h(r)]}dr C : constant, f,9 (Trin»Tmax)

Example : pure GT transition with Q = 3.5 MeV (®He decay)

Problem: energy range 0 keV - 1.4 keV ...

50

N(r)

P a=+1/3 * Traditional "Si" detectors are not useable
30 » 1_channel plate (or channeltron) are efficient
20 Q=13 counters, but non-sensitive to ion energy...
10 | mmm) |ON energy must be defined or measured
| before detection — analysis by E-M fields
%0 1 2 3 ;
r (MeV/c)

mmm) Such energy range requires a "transparent"
source !
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Illustration

From theoretical rates to correlation experiments

B—v angular correlation from recoil energy direct measurement

Conditions : Toocon ~ 1 keV at best ...

» Decay between GS (recoil not perturbed by secondary particle emission)
« "Transparent" source, ideal = vacuum

« Energy analysis by E-M fields

» Detection with "channeltron" or p-channel plate

N \\ MICROCHANNEL PLATE

™,
b

ee
=
=
A
-
o
Pt
o
-
=

Phato-Cathode

=
2
3 E o
% 5 g ‘; \ H-RAYS
& = 5 k- ELECTRODING \
[on each face)
/ / / \ Xr -
O34 2] M ale e s ! PYEK .'\ IR B
P e G v[ -
i/ C_:__}C_____._J_ T Ay o D K
[ o D -2 2 D y
- 1 &
\ 7 n
', , ¢
: “ ;
L . /
e N
L
GLASS STRUCTURE CHAMNELS

QUTPUT ELECTROMS
(=103}
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From theoretical rates to correlation experiments

|. B—v angular correlation from recoil energy direct measurement

Example : recoil spectrometer used by Johnson et al. (1963) with ®He (Oak Ridge)
Johnson et al, PR132(1963)

0

. g()_6_7ms
vd . SHe 100%
b O‘,=3507.8 GT
é /- : T HES PR P
% 9. 1+: T=0 osta
LI
s 1/ = 3
: P § _
Vi | a = -0.3343 (30)
0.2 | t;
&
Wil |t ] Most precise value
° T measured in a
pure GT transition !

Discrete spectrum:

Gaseous source ExM  Channeltron * requires a very good knowledge of
(not well defined!) analysis detection spectrometer response !

» only 13 DoF and y? = 1.69 ...

Ecole Joliot-Curie 24 — 29 Sept 2017 E. Liénard 84



From theoretical rates to correlation experiments

B—v angular correlation from recoil energy indirect measurement

gamma
at fixed
energy

Ecole Joliot-Curie

g«t -T—z g

1672 ms

8Ne: pure F decay P falind "

18 *
1ohNe

170081 0.188% 4.5

1080.54 _0.0021% 7.0
104155 27.70% !

0 9211% 31

119.0 ms

SHe
Q[,V=10653

<16% 37, (01)+:T=1

8He: pure GT decay

5400 _g5n keV
¥ ‘n
A

<16% 44, 1+:T=1 \ 3210 ~1000 keV
$ -
84% 42, 1%:T=1 3 980.8 8fs
201 P 2 838 ms
SLi
24 — 29 Sept 2017 E. Liénard

32Ar: pure F decay

proton
at fixed

TR I

1
1= :
0+:T=2

Alternative method: detection of a delayed particle emitted during recoill

98 ms

| L—
32 o
1aAr

Qec=11150

8130 _0014% 48 |

7433 70 13% 42
7307 %!3% 43 |

6686 _0014%

~__-6590 00‘9“

8076 0 16%

.“@0 0?/”&-
0 229%

: 5340‘(1 169%,

energy

> IR T A G |

a2 12489 _

p [ S— |

-
-
(7))

298 ms

©1) ¥

1+

0237 T
1+ - LB y ol

4788 <N 06%

4432 _0.13%
967 0 )
4079 8 8%

3767 43%

2194 039% 59 |

11885 _57% 22 |

0 2%  >57

56
48
49
48
50
a1 ]

5024 _23% 32
59
57
49
40
44
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From theoretical rates to correlation experiments

ll. B—v angular correlation from recoil energy indirect measurement

« v case: Doppler shift measurement E'=E, (1 +vs/ccos(d))
'

source speed: v,=r/M,

— r=—(Pe+0ny) [ : .
Z oy 0 . angle between y & ion
AN —=7
[: | &
L i B—y coincidence at
’ 9* 0°:E/<E, on a average,
1 180° ' E'>E B>< recoil ion
Ty Y

Vorobel et al EPJA16(2003) (*4O)

"Double" Doppler shift
=) < SE >(0°,180°) = Ey (+<r,>/M, C) — 2<0dE>= 2EY (<r,>/M,.C)

where <r,> is a weighted mean of Z-component of 7 I, = p. + P, COS(0)
Dy f;r cos(9)(1+c’ive/c cos(H)) sin(0)do _DbyC
‘ — = 1
rz) = pe + f;r(1+dve/c cos(G)) sin(6)do Pe(l +a 3Ee)
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From theoretical rates to correlation experiments

ll. B—v angular correlation from recoil energy indirect measurement

« v case: Doppler shift measurement 2< SE > = 2Ey p.(1+4aE/3E,) /M

ionC

Example: Experiment performed by Egorov et al (1997) with 8Ne (Orsay)

748 V. Egorov et al. /Nuclear Physics A 621 (1997) 745-753
— V. Egorov et al./Nuclear Physics A 621 (1997) 745-753
14 Si(Li) #~Deleciors: 4 Torgets: ¢ Optical Sensor Control & Data |
f the T f Acquisition: \ 300

P26 mm x4 mm 6.55mg/cm® By0s r.,'— " Positlon. CAMAG '+ PC/AT486)| %0 Double Doppler shift 25 E., [eV]
FWHEM 3.50-5.25 kaV )
{ B ek 1063kaV. ™Bi ) | S —T—— 250 of the 1041 keV ~-line

L - "*0(*He,n)'""Ne |

O/”O . 200 7

Q' 150
. A
]

2 100 7
2 HPGs 7-Deledlors: He-Beam of the | ‘ i e v
A: 50%, FWHM 2J0kev Orsay MP Tandem 50 1 e i e V)
B: 20%, FwHM ! BBkeV Accelerator |} | YT TW: smulated at o = ~1 (S)
( @71 333kev.fCo ) | Step Molor (10 Mev, 12 nA) D e e —————
iy 0 500 1000 1500 2000
Fig. 3. The lay-out of the experimental setup. Positron Energy [keV|

Typical value:

Detection setup: Solid target 5. =1.06 (1)
- isolated from the beam — solid source é< OF > |~ 300-61\/2! oy 3
- Si(Li) - B /HPGe — vy - Ge resolution: 1-2 keV !

=) “subtle” analysis ...
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From theoretical rates to correlation experiments

B—v angular correlation from recoil energy indirect measurement

» Charged particle case: kinetic shift measurement

o 98 ms
- =p +<r,> - . [
Pshite (180%) = p + <rz> my / My, 32Ar: pure F decay Zar L

18
Qpc=11150
<r > <I‘ >Mm R 8130 0014% 46 |
AT (pSh”:t p ) ( p p) P | 44 7831 0081% 41 |
. 7580 J0.14% 40 |
2my 2M,On Mion T B3
1+ 6686 _0014% 56

16 - I -8590 J0.05% 49
- T,=3.3 MeV e e cx
—~ 17 - T 1+ 5486 022% 50 |

. max — s B '\7 5
E 0N x . TR = 520eV 1 :N:T:z :::: 23w .3.: |
< " a,=1 I s oosn 59 |
Z § - . L1 M“2 013% 57 |
o 04, = 180 [ AR
[ 1 3767 4% 44 |

A

Typical value:

s i ds = -1
N AT ~10 keV W
] E\T/‘ o b e e . o i A%
0 1 2 3 I 5 6 o J &5
Ty (MeV) 31g .8 S ?g 1685 5% 39 |
; ; @1y 8 fg 4611
Shift larger than in ycase ! SOOI cocima 1 f I L. o P IT,
Kinetic broadening directly measurable ! 17Cl
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From theoretical rates to correlation experiments

ll. B—v angular correlation from recoil energy indirect measurement

» Charged particle case: kinetic shift measurement

Illustration

Example: Experiment performed by Adelberger et al (1999) with 32Ar (ISOLDE)
Adelberger et al. PRL 83 (1999) 1299

Experimental setup

« 32Ar beam implanted in a thin C foil inclined at 45°

* p detected by 2 p-i-n diodes located at 1.6 cm

* B eliminated by a strong magnetic field

dn/dE (arbitrary units)

/
AN AR 1 |
A Mas a i aa daddd LAl

:"l""l""l"'i-l""l""
L/ \SCALAR
/ \

-
RN
aa b e

ALlAl

YT
-

—

Theoretical
curves

Experimental
spectrum

~15-10-5 0 5
E-E, (keV)

Ecole Joliot-Curie

10 15

24 — 29 Sept 2017

ar- = 0.9989(65)

E. Liénard

counts/channel

(data—fit) /error

O ———————
104 =
puls?r f
100 el e o o
E wn % o sy o= 3
t, ;ﬁ’ - ‘,"_-,,’:,! = vr'..'_‘;‘ -""b R
B LN P R S Ve 2 L
Y oY T =
1 1 |
6600 6650 6700 8750 6800

channel number

The second most precise value
measured in a pure F transition !
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Illustration

From theoretical rates to correlation experiments

lll. B—v angular correlation from p—recolil coincidences measurement

N (To, r)dTedr = N(Te)r(1+ac " ;Ee _pV))dTedr

Easiest method: measurement of a time-of-flight between 3 and recoil ion

mm) Change of kinematic variable: r — t - 4 0

r=M, V|on = I\/Ilon dSD/t

ion

—> dl‘ —~ dt/tz ~ 12 dt L5 60

g§gg° Yot
u

N (Te, t)dTedt = N (Te)r3(1+ac ;ge pv))dTedt

L] 1 2 3-
t (us)
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From theoretical rates to correlation experiments
lll. B—v angular correlation from p—recolil coincidences measurement

Measurement of a time-of-flight between 3 and recoil ion

2_n2
N (Te, t)dTedt = N (Te)r3(1+ac >R

2
—PV)YGT,dt

2Ee

Py

Conditions : T.ocoi ~ 1 keV at best ...

"Transparent" source, ideal = vacuum

Ecole Joliot-Curie 24 — 29 Sept 2017 E. Liénard

Decay between GS (recoil not perturbed by secondary particle emission)

Detection of  using plastic scintillators (fast start detector)

Detection of recoil ions with p-channel plate (fast stop detector)

Illustration
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Illustration

From theoretical rates to correlation experiments

B—v angular correlation from —recoil coincidences measurement
Measurement of a time-of-flight between 3 and recoil ion

Example: Experiment performed by Gorelov et al (2005) with 38MK (TRIUMF)

Gorelov et al. PRL 94 (2005) Shake-off et
process. . ——pl
. . l 20 o . . i
recoil ion TR iy recoil ion N

detector , o/ lelecrosic N . SPectrometer (~ 4n)

huups\ i
X 3
/' \ \ / ]
£ . 2 ' 10’ J

— ~DSSSD
MCP : /— V — %
I8A vV i lIgle B
AT ‘;.'" BC408 guéidt‘
=2 telescope

push l beam 12345

from 1% trap cm o 2 L . ot
FIG. I. Top view of the 2 m;pu atus with the recoil und aF - 09981(48) Rasas T R Aaanssmas
o} 500 1000 1500 2000

Recoil TOF [ns]

B detectors. \
Magneto-Optical Trap: very well defined The most precise value
source in vacuum (R ~ 10 pm) ! measured in a pure F transition !
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From theoretical rates to correlation experiments

B—v angular correlation: the best results ;glcailgi\éi
= GT: ®He (Johnson et al. PRC 1963) — 81 = -0.3308 (30) N
corrected for radiative and recoil corrections (Glick NPA 1998) ~ 1%
8Li (Sternberg et al. PRL 2015) — 851 = -0.3342 (39) B
= F: 32Ar (Adelberger et al. PRL 1999) — a = 0.9989 (65) N 05%
38MK (Gorelov et al. PRL 2005) — 8, = 0.9981 (48)

Results used in a global analysis including all available data

Reviews:
Tests of the standard electroweak model in nuclear beta decay iondonbuct il dveis by 101NN 20 VTS24
T‘yl::x,!L-‘.r(:‘n‘::‘:Ir”rw ;,r:'gl::::uilf;f-’:‘:(.Ar‘l,.vmc Urdversiled Lowven, B-300T Lewven, StrUCture and Symmetries Of the weak
T interaction in nuclear beta decay

Unwvarsitd de Caen Basse-Nomandie and Laborione de Physique Corpuscidare
CNRS-ENSI, F14050 Caen, France

y P i N Severijns' and O Naviliat-Cuncie”
(Published 26 Saptember 2006) -

+ Boothroyd et al. PRC 1984, Severijns et al. ARNPS 2011, Severijns JPG 2014, Wauters et al. PRC 2014 ...
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From theoretical rates to correlation experiments

B—v angular correlation: the status Severijns & Naviliat ARNPS61(2011)
o a
SCALAR a = TENSOR
e —— 1+b(m, / E,)
see ash Ajzmeasurements
< slide 65 1 Woauters et al

L \ : o PRC80(2009)
| ‘ Circles o1 | PRC 82(2010)
G o | _—" because T | LS

0. a (Cg,T’ C%/’A) o

b (CS,T d CV,A)

03 -03 -01 C._.‘ 0.1 olz 03 g T oY ‘.y o1 03/ 03 o4
- ./ c{ /1c|<0.07 g /
Ftoc (1+(m/E)b, ) P- /Py ocb —bg;

Hardy et al PRC79(2009) Wichers et al PRC58(1987)
Carnoy et al PRC43(1991)

 Best constraints from "b", but "a" adds limits... ("b" unsensitive to right-handed v !)
* Measurements of "b" requires "precise" detection of 3 particles

see
slide 78

c¥ /Cf]<0.09

—> Enough room for measurements of "a"...
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lllustration

From theoretical rates to correlation experiments

f—v angular correlation: the status

adapted from Severijns & Naviliat PST152(2013)

Parent Technique Team, laboratory Remarks

°He Spectrometer ORNL a = —0.3308(30) 1963
2 Ar Foil: p recoil  UW-Seattle, ISOLDE @ =0.9989(52)(39) 1999
R MOT SFU, TRIUMF a=0.9981(30)(34) 2005
Na  MOT Berkeley. BNL a = 0.5502(38)(46) 2008
®He Paul trap LPC-Caen, GANIL a = —0.3335(73)(75) 2011
“He Paul trap LPC-Caen. GANIL Analysis under way

SLi Paul trap: B ANL 4=-0.3342(26)(29) 2015
BAr Paul trap LPC-Caen. GANIL Analysis under way

S2Ar Foil; g-p coinc  CENBG, ISOLDE In preparation

Ne Paul trap LPC-Caen. GANIL Analysis under way

®He EIBT Weizmann, SOREQ In progress

°He MOT ANL. CENPA In progress

Ne MOT Weizmann, SOREQ In progress

2Ar Penning trap  Texas A&M In preparation

"He Foil: iy NSCL In preparation ?

« Many projects (a & b) with precision < 0.5 %

» Competitive with LHC results

——>

Ecole Joliot-Curie

Comparison with LHC (CMS)

channel:

0.02

-0.01

-0.02

-0.004 -0.002 0.000 0.002

c_:s =0s&s

pp — e+tMET+X

LHC7,5 fb!

e
N

CT = 49T5T

0.004
le7|

Naviliat & Gonzalez ADP525(2013)
Cirigliano et al PPNP71(2013)

Better constraints on exotic currents expected in the "coming" years

24 — 29 Sept 2017

E. Liénard
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From theoretical rates to correlation experiments

B—v angular correlation: needs to reach a relative precision better than 0.1%

1. Why is it difficult ?

« Sometimes statistics are limited due to:
- low production rates of radioactive beams
- bad events, background, ...
- the loss of ~ 80% of statistics when 3+ decays (recoils are neutral !!)
« Systematic effects have to be investigated at the same level of precision
- in particular, in direct measurements (recoil energy or ToF), any process
modifying the kinematics (electric field, scattering, ...) must be identified
and precisely controlled...!

2. Why is it feasible today (or "early" tomorrow...)?

» Development of new sources and techniques - significant increasing of
beam intensities

» Decaying sources are cleaner (use of ion and atom traps)

« Simulation tools are more and more sophisticated (GEANT4) and hardware
enables to run the most realistic simulations (GPU: Graphics Processing Unit)

« DAQ systems are faster (signal digitization) allowing high rates of data and
reducing drastically the deadtime during data taking ...
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From theoretical rates to correlation experiments

B—v angular correlation: needs to reach a relative precision better than 0.1%

Example of main systematic effect and its management in LPCTrap experiment

£ o—e

 Decay source confined in a transparent Paul trap >

recoil Scheme: Ideal ponctual source in vacuum

injectio

In real life, ions: /
» describe specific trajectories in the confinement field

\ Monte-Carlo simulations of ion trajectories (V.- = 80V, v = 1.297 MHz)

 undergo collisions with residual gas

« suffer charge repulsion from colleagues
(typical load of some 10k ions in 1 mm3)
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From theoretical rates to correlation experiments

B—v angular correlation: needs to reach a relative precision better than 0.1%

Example of main systematic effect and its management in LPCTrap experiment "‘-;~

In real life, ions:

==m) ° high precision probe register
the real RF potential put on electrodes
& a realistic field map is computed

. undergo collisions with residual gas mmm) - jON-atom interaction potentials are
computed by atomic physicists

(theoreticians...)
« suffer charge repulsion from colleagues === « "simple" Coulomb interaction: at

(typical load of some 10k ions in 1 mm3) each step, each ion interacts with
all others...

« describe specific trajectories
In the confinement field

——> Such realistic simulation requires extremely large memories and
parallel programming methods allowed by GPU systems

The whole procedure takes much time, and globally such a project (experiment

preparation, data taking and analysis) lasts at least 10 years...
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Illustration

From theoretical rates to correlation experiments

Correlations involving polarized decaying nuclei (A4 D, ...)

. . . see
« Parameter deduced from a difference in couting rates slides 54-59

between 2 orientations
— not sensitive to the shape of events distribution

Mme Wu experiment

« Main difficulty: nucleus orientation — degree, conservation and estimation...
"New" trend: optical pumping method using lasers

— Thanks to multiple interaction with lasers @ adequate frequencies,
hyperfine states are populated, which correspond to the needed nucleus polarization

3 methods:

= In a Magneto-Optical Trap — lasers are "naturally” present == A  in 3K (TRIUMF)
Fenker et al arXiv 2017

= In beam colinear polarization + implantation in a cold crystal == A ;in 3>Ar (ISOLDE)
Severijns et al, tests in progress

= Polarization in 3-D Paul trap — original, never tested... == D in 22Mg (GANIL)
Delahaye et al, project submitted
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From theoretical rates to correlation experiments

Correlations involving polarized decaying nuclei (A4 D, ...)

Example: Measurement of D in 22Mg (GANIL) Delahaye et al, project MORA*

* Interest: T violation — CP violation: source of matter-antimatter asymmetry ?

_ -
| D M D:_Zplm(5~]\1'(\]\]+1)1/2 C::)
& I@/ J(EE,) (1+p2)
9\/1 nucleus - ﬁ_ recoil coincidences s D#£0 — ,O;é 0
= * J known — Mirror decay !

» Basic setup:

» LPCTrap (Paul trap and detection system) for coincidences
= Adequate lasers for ion cloud polarization: high degree expected (> 99% in 0.2ms)
and continuously measured through A,
« Beam production: 23Mg produced with high intensity at GANIL (~ 2x108 pps)

Nt—-N—
Nt+N—

« Expected precision < 1x10* D « between 2 opposite polarization directions

*MORA: Matter’s Origin from the RadioActivity of trapped and laser oriented ions
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IV. Last section: CVC, V4 & CKM (20 slides)
* Pure Fermi decays

* Other sources: nuclear mirror decays

* Other sources: the neutron case
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Last section: CVC, V 4 & CKM

_ 4.794107°
"ft" value In pure F decays: fti = with M2 =2

) 2CEMEP
/N

mm) Measurements of masses half-lives & branching ratios

» half-lives & branching ratios: ~ common setup

Shielding

Thin plastic
[} detector

Tape drive

1. Beam implantation on atape 2. Detection setup: plastic scintillator (B) & HPGe (y)

— shielded from the beam line
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Last section: CVC, V 4 & CKM

* half-lives

Procedure: Al saturation

1. Beam implantation (3-4 T,,,) — reaching saturation ol

2. Beam stop and tape shift — detection setup o . \decay

3. Decay measurement (10-15 T,,,) — reaching the BG ™| |

. B counting (with or without y) N

. beam

4. Tape shift and new cycle stop t

Example: 2*Mg (C. Magron, PhD CENBG) ~ Requirements and systematic effects:
1o Ty =11,42(8) s « Beam purity

¥ =11

Deadtime (depends on counting rates)
BG management

PM stability

Evaporation from tape

T T T 11717
[

nombre d'événements / 40 ms

1 |
| — Jil]
0

246 @ 80 100 120 140 160 180 200 Relative precision reached ~ 10 — 10
HAL Id: tel-01409280  'emPs ()
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Last section: CVC, V 4 & CKM

branching ratios:

Measurement of f—y coincidences, BR deduced from a ratio with 8 in single

==) depends on y detection efficiency !

Example: 3*Ar Wl
gao
AT, (0.85) g
3129 "0 1.4% : 2556; Precisely efficiency E!
2580 o 0.8% ¥ !
SN T B O
666 ‘im Enorgy (keV) =
n e | _
T 5 | w P Requirements & systematic effects:
17l (1.58) e \ g .
2 ool * ¢, to be determined precisely
_No Rigper, & with calibrated sources
Ne — Dogp g wof - Beam position and geometry
e must be well controlled
10 2
1000 2000 3000 ° 1
oara 0 y peak fit (shape, BG ...)
* on BR of interest Relative precision reached* ~ 103 — 10
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Last section: CVC, V 4 & CKM

* Masses: best setup = Penning trap (ref: course of S. Grévy, EJC 2015)

lon trapping:
 Thanks to static EM fields, E & B

* B — cyclotron motion ®_ = qB/M

Principle of mass measurement: v

« Excitation of ion motion = external RF signal (cg)
imposed on segmented ring electrode

* RF scanning: when g, = ®, the transfered energy
IS maximal

ring

electrode .
* lons extracted and ToF measured: minimal ToF
o] & R i® 4 corresponds to mg; = ®,
) 13 P34 '
b L + 1
. 140- {5 ¢ Y
g1 || ¢ 1 Example: 31S @ JYFL (Kankainen et al. PRC 2010
9 13 1 + ‘ ‘ H
g =1 ix ’,. t ot ; ST Limiting factors:
; . e L F 3 3 yo . . . . .-
" L & W % Species production, purity, half-life, system stability,...
100 2 1
IR N AR Relative precision reached ~ 105 — 108
Frequency - 34688 83.83 Hz (Hz)
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Last section: CVC, V 4 & CKM

"ft" value in pure F decays: status Many reviews for ~ 30 years

JC Hardy & IS Towner ...
Hardy & Towner PRC91(2015)

v

3090} 10C 22Mg 3SCa 46V 74RDb
140 26mA| 34C' 38mK SOMn 62(38
3080} Ar*Sc  **Co _
. * 14 best candidates

3070} : » 8 ft values determined @ 104

) precision level

& 3060f « ~ 220 measurements included
3050 |
3040}
3030

=2l "'{t" values are not constant !! Vector Current not Conserved ??
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Last section: CVC, V 4 & CKM

2

¢ .
"ft" value in pure F decays: status i{

® )
®

y
‘v/ \
[ f
\ . )
.\ /
N

VO

At high precision (102 — 104), theoretical corrections are needed !

—5
. g / 2C\%MF2(1+AR)
Transition dependent l

. Radiative corrections (virtual emission, Bremsstrahlung): ~ 'nteraction dependent

O : depends on global nucleus characteristics (Z, Qp)
Oys - depends on nuclear structure details
Ag : common to all decays

* Isospin Symmetry Breaking (ISB) correction:
Oc : due to "Coulomb" and other charge dependent forces

Computed using different models and "validated" on independent parameters (R, M...)

Error bars are even estimated
— Total correction effect less than 1%
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Last section: CVC, V 4 & CKM

"Ft" value in pure F decays: status

Hardy & Towner PRC91(2015)

10;3 22Mg 38Ca 46V
140 26mAl 34C| 38mK SOMn GZGa 74 Rb
“Ar#2Sc  #Co '

L Ft constant at ~10-
@
- 3080}

S R
76 [ p— ;‘f tiyy o Ft = 3072.27(72) s
3060 L L L L L : L : .
0 10 20 30 40 CVC hypothesis verified at ~10

Z of daughter

2016

—>  ||Vial® + |Vis|* + |Vip|* = 0.99978 £ 0.000 55 PARTICLE
PHYSICS
K-decay : 0.22534 (93) B Meson-decay : 0.00393 (35) BOOKLET
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Last section: CVC, V 4 & CKM

"Ft" value in pure F decays: status & perspectives

Example: measurements at high Z where

Hardy & Towner PRC91(2015) corrections are |arger

= 0.04 |= = i l"m&
o~
& 3080\ o [
> ca
E :
salodaed
(4] 34 ¥ \4
n Ar
E 3060} Mg
S 0.02 S ] e
= = " 3 3 ¢ o
G | 4 Clluge =
& 3040} I G
© $
m lOC ”"‘Al
3020 A i 1 |
0 10 20 30 40
Z of daughter

Bands - computed from  Ft/[(1 +83)(1 — 5 + dxs)l.

Uncertainty dominated by Crucial to perform measurements
theoretical corrections ! to improve them !
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Last section: CVC, V 4 & CKM

V, 4 CKM: other sources

Illustration

0.976 | Other sources V4
Neutron 0.9752 (14)
0974 | * ! Pion 0.9728 (30)
Vud Mirror 0.9719 (17)
0972 | )
0.970 at =70 +et v,

0+ —> 0+

Nn—>p+e +ig

mirrors

neutron pion

very rare decay

A A +
X _)ZsziY :Zi+e

Mirror decays Zi *N;

N ¢

(ft)mirror =

4.79410° 4794107

— S
2(C2 Mg 2+CaMaT®)  2CZIME P (1+p?)

Ecole Joliot-Curie

24 — 29 Sept 2017

E. Liénard
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Last section: CVC, V 4 & CKM

V4, CKM: nuclear mirror vs 0* — 0* decays

Naviliat et al. PRL102 (2009) Hardy & Towner PRC91 (2015
MIRROR |6600 , — . o= 0" T e ol
— ok s
- 6400 | °Ne 2Na 29p BArITK ol o MCLN 'f,SC ”fl‘CO e TR
S 6200 poogFo s z |
v . o 3080: { { [ :
TR0 = Fr1+Cp?) i S ’[” 2 k
5800 L L L - 2o A Y| i
15 20 25 30 35 40 0 10 20 30 40
V4 = 0.9719 (17) Mass number A Vg = 0.97417 (21) | Zctdeuanter
a 4&
v
PF _ _ K
( Ft) = th1/2(1+ 5R )(1+ 5NS —5(: )—V%(1+AR)
u
b (T, , BR, M) measurements
\ 4
mirror — _ 2K
(Ft) = fvt1/2(1+ 5R )(1+ 5NS —5(: )— , A

b (Ty , BR, M, p) measurements
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Last section: CVC, V 4 & CKM

V.4, CKM: nuclear mirror decays

adapted from Severijns et al. PRC78 (2008) and updated Naviliat et al. PRL102 (2009)

0 HE H B E H W B .
— 2 2 < ? ? @ o 7 ®Qcc(fy)
8 a 8 8 ﬁ g g 5 9.9 g - y
- i = i = d a1, 5400 ®Ne ?'Na 3K
S § E § E § ' @ -
z 6 OBR o 6200 s e
= w
U) -
= " 6000 |- ¢ -
Q 5 B -0y '
mp 5800 1 1 1 1
0 I ' 15 20 25 30 35 40
5A| 29p @ @ 35Ar (Goca) Mass number A
Parent nucleus
— “Ne Ty, Broussardetal. PRL112 (2014) The scientific community involved in
—» 2INa M: Mukherjee et al. EPIA35 (2008) this field... BUT
T,/,: Grinyer et al. PRC91 (2015)
Mg M: Saastamoinen et al. PRC80 (2009)
31g M: Kankainen et al. PRC82 (2010) Vud (2009) =0.9719 (17)
T,/,: Bacquias et al. EPIA48 (2012)

33CI  T,,: Grinyer et al. PRC92 (2015)

37 . Chidli
—_— K Ty,: Shidling et al. PRC90 (2014) — I

3¥Ca  T,,,: Blank et al. EPIA44 (2010) Vg (2017) = 0.9721 (17) !
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Parts in 103

Ecole Joliot-Curie

Illustration

Last section: CVC, V 4 & CKM

V.4, CKM: nuclear mirror decays

adapted from Severijns et al. PRC78 (2008) and updated

™ —
~ o)
LO <r

L
.

19Ne 2INa Mg 25Al 9P 315 3BC| 3BAr 3K 3I9Ca

not measured
not measured

175.4 >
not measured
not measured
not measured

Parent nucleus

W Qec(fy)

mT,,
OBR
EFER
BO-Oys

mp

Naviliat et al. PRL102 (2009)

o
6400 | |
@ )
o 6200 ---5-¢-- e
W 1o f
|- (I I ~
6000 . | I e
11 [ (R |
5800 1 11 1 1l | | 1
15 :20: 25 :30 35 : 40
I 1 Mass number A 1
1 | 1 | |
L 2R / v L 2R
o from A a A A B
/N | |~

(1975) (2008) (1990) (88-93) (2007)

p=GT/F : the least or even not known quantity !

determined from a correlation measurement

= a8 f(orV, determination, pimprovements are necessary ...

24 — 29 Sept 2017

E. Liénard
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Last section: CVC, V 4 & CKM

V.4, CKM: nuclear mirror decays

Recent result: Measurement of Az in 3’K (TRIUMF) Fenker et al. arXiv:1706.00414v1 2017

L aser ch 40%x40x0 3 mn
ight scintillator Si-strip detector

Electrostatic — < re-entrant flange * Source confined in MoT of TRINAT

hoops ——————————————— and collimator
— e ——————— —————————————
e —

o B S « Detection of 3 in Z direction
2 1\ ] with nucleus polarization in +Z
8 a - Degree of P measured by laser probe
e & detection of photo-ions
il P_=99.13(8)% P, =99.12(9) %

- -

.E- —

= coils
<— G0 mm

——> A;=-0.5707(18) 0.3% relative precision
—> V_,(2009)=09719(17) — V,(2017)=0.9728 (14)"

one single shot — significant improvement of V 4 & 3K is not the most sensitive case ...
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Last section: CVC, V 4 & CKM

V.4, CKM: nuclear mirror decays

Perspectives @ GANIL: Measurement of a in several mirror decays using LPCTrap2

Expected rate |
lon Ty (S) (Pps) Injection + Paul trap T8 | B phoswich

2INa | 22.49 6.5E+08

Production Recoil ion spectrometer %
Mg | 11.32 2.1E+08 > 107 pps
33Cl 2.51 3.4E+07
37K 1.22 7.4E+08 g w7yl N -
> 00503 Recoil ion detectors 6
o(V,,) .
Vud 1.50E-03 | + . —
ooeos |t - R In any case, a significant
Final result in this window! improvement on Vud
5.00E-04 | R AN _
. IS reachable
0.00E+00

0+ ->0+ mirrors mirrors mirrors neutron
"the best" "the worst"  today
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V4 CKM: nuclear mirror decays

Last section: CVC, V 4 & CKM

Alternative interest: Test of models used to compute theoretical corrections ()

Konieczka et al. PRC93 (2016)

Severijns et al. PRC78 (2008)

A B(CNCCD StcNSM

17 0.166(17)  0.585(27)
19Ne — 19F 19  0339(34)  0.415(39)

21 0.300030)  0.348(27)
Mg — 23Na 23 0.316(32)  0.293(22)

25 0.413(41)  0.461(47)
21Sj — 21A| 27 0.439(44)  0.312(34)

29 0.520(52)  0.976(53)

31 0.585(59)  0.715(36)

33 0.705(71)  0.865(59)
SAr — 3Cl 35 0.366(37)  0.493(46)
37K — 37Ar 37 0.907(91)  0.734(61)

39  0318(32)  0.855(81)

41 0.426(43)  0.821(63)

43 0.690(69)  0.50(10)

45 0.589(59)  0.87(12)

47 0.673(67)

49  0.646(65)

51 0.714(71)

53 0.898(90)

55 0.620(62)

Ecole Joliot-Curie 24 — 29 Sept 2017

0.153

Smirnova et al. 2016

0.266 CENBG

. Liénard

Different models give different results !

Illustration

Such study is also useful for 0* — 0* decays

Recent interest in the community thanks to

mirror decays study...
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Last section: CVC, V 4 & CKM

V, 4 CKM: the neutron case nNn—>p+e- +ve

= the basic mirror decay: Why is it considered alone ?

— Very interesting feature: no nuclear correction !!' 8- = dyg =0
studied during decades... e airon
003
C e 2 Hardy & Towner
——=> Why results remain limited ? £ 1| Adps2s (2013)
1. neutron manipulation is difficult —oEs:
. . ) ! Experiment Radiative correction
« free neutrons are produced by fission or spallation | Nuclear correction
Scheme of a wheel used
* the slowest are the best T (et
slowest distributions are favored by successive moderators w7V =
——> Production of CN, VCN and UCN ot B2 Tuen |

/ \ Ll = (S L
Cold Neutrons, Very Cold Neutrons and Ultra Cold Neutrons =

Ecole Joliot-Curie 24 — 29 Sept 2017 E. Liénard
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V, 4 CKM: the neutron case

1. neutron manipulation is difficult

Illustration

Last section: CVC, V 4 & CKM

N— p+e +7;

Why results remain limited ?

VCN, UCN — typical velocities: 10 m/s

 n scatter on specific material like light
— they can be guided and trapped !!

Reference on the web:
Kirch et al. Nucl. Phys. News 20 (2010)
Recent review: Young et al., JPG 41 (2014)

« kinetic energy can be maodified using gravitational force...

E, <V.: Fermi potential

Energie A
Vi
N‘ _________
«—

Matiere

vi=5m/s |
g l H=10m
v;=15m/s|
>
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Last section: CVC, V 4 & CKM

V, 4 CKM: the neutron case nNn—>p+e- +ve

Why results remain limited ?

1. neutron manipulation is difficult
2. discrepancy on T, results depending on method used

VAN

Illustration

In flight: "beam" method In trap: "bottle" method
Decay rate: dN/dt = -N/t, > "solution™: N(t) = N exp(-t/t.¢)
 source badly defined » source well defined
* requires n & p countings * requires only n countings
 important parameters: Efficiencies, losses ... O O gy = B 7 G o
Using the “beam method": PRC 71, 055502 (2005) _

Cold Neutron Beam

B,
' Counter

Absolute detector efficiencies needed!

Counter

Pictures from A. Saunders, Los Alamos Nat. Lab, LA-UR-15-24679
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A. T. Holley

]/anrugc = ]/'_n di

Rev. Mod. Phys. 83. 1173 (2011}
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V, 4 CKM: the neutron case

In trap: "bottle" method

neutron

UCN _
detector

Ecole Joliot-Curie

[ - — S |
l/ ‘\(Hl‘;l:_'c _ l/‘ll y

valves ﬁ 25%
(/R
/ ;
UCN

Alfoil || ‘_ s

Illustration

Last section: CVC, V 4 & CKM

—_—

N— p+e +7;

N(t) = N exp(-titey)  WIth Ty = Tgiorage # Tn - !

due to absorption in walls, neutron heating
and many (still) unknown other reasons...

fomblir
—| pump

vacuum vessel . ]
. this device

enables
to modify
the trap
volume

turbo

24 — 29 Sept 2017

Tiss depends on trap Volume/Surface ratio
— for ideal infinite trap: V/S — «© = losses — 0!

Measurements are performed with variable trap volumes...

:ZZ? .- expenment 000 and Tn IS deduced
S| | from the extrapolation
£ oooe of results to a virtual
g 00051 infinite trap
w 0.0044
% 0.003:

E 0.002 -

0.001 +5

E. Liénard

0.00 0.05 0.10 0.15 0,20 0.25 0.30 0.35 0.40 0.45 0.50 o
inverse mean free path cm”) —> between two collisions on walls
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Last section: CVC, V 4 & CKM

V, 4 CKM: the neutron case nNn—>p+e- +ve

Why results remain limited ?

1. neutron manipulation is difficult

2. discrepancy on T, results depending on method used

894

892

890

888

886

Meanlife (s)

882

880

878

T I | I H

The discrepancy between beam and bottle
experiments is about 4 standard deviations| |

¢ [Byme

1,(beam)=888.0+20s

[Arzumaney] |

5 |

t,(bottle) = 879.78 + 0.56 s ¢ [Arzumanov)

| | | | H
1990 1995 2000 2005 2010 2015

876
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Illustration

between 2010 & 2012,
the PDG value shifted
by 5.6 s
which corresponds
to ~ 7 old standard
deviations...

2016 PDG value;
880.2+1.0s

2016

PARTICLE
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This is the END...?
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