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Nuclear 3-decay as a laboratory for weak interaction

Gauge boson exchange Current-currentinteraction
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Nuclear 3-decay as a laboratory for weak interaction

Gauge boson exchange Current-currentinteraction

Fermi approximation

(%,0,%,)[P.04(C; + C{ys)¥,]| + h.c.

T. D. Lee and C. N. Yang, Phys. Rev. 104, 254 (1956).
Accessible via Ft-values Explicit parity violation Ci’#0
~2-10"* thanks to 0+ O+ transitions Sum of Lorentz invariants

Hardy and Towner, arXiv:1807.01146v1

[Vual = 0.97370(10)p(10)ge  Sengetal., PRL 121 (2018)
Vil = 0.97389(10)p(14)ge  Czarnecki, Marciano,Sirlin, Phys Rev D 100 (2019)
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Nuclear 3-decay as a laboratory for weak interaction

Gauge boson exchange Current-currentinteraction
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High energy Fermi approximation

T. D. Lee and C. N. Yang, Phys. Rev. 104, 254 (1956).
Explicit parity violation Ci’#0
Accessible via correlation measurements ¢, o\ orentz invariants

Standard Model

At quark level: C, = —C4, =1, =Cr =0

And C; = —C; for maximal parity violation

Real for T reversal/CP conserving interactions



Nuclear 3-decay as a laboratory for weak interaction

Access to the coupling constants via correlations in the beta decay spectrum
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Nuclear 3-decay as a laboratory for weak interaction
A famous correlation example!

* Probing intrinsic symmetries

C.S. Wu et al., Phys Rev 105(1957)1413
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Review of constraints from beta decay

Review in Prog. Part. Nucl. Phys, M. Gonzalez Alonso, O. Naviliat Cuncic and N. Severijns, 2018
— EFT analysis gives direct comparison between high energy searches and beta decay
— Example: Sensitivity to NP: Scalar and Tensor current limits from LHC and beta decays

Present Future
P —— ———— 0010F————1 S ——
nevy ; | ey B-decay as a laboratory
_ . | for weak interaction
0.005L i 0005k . . -
L0 107 =0 !
a:. B decays
/o-. (mw 2
€ 0007 = € 0.000f-------p==-- ‘\ 2 j ””””””” ° 8S,T A
L -...|..—"
7 7 LHC SST~10'3 - A~ TeV
—0.005} ~0.005} .
vl | votol i [Projections] Competition
© 20002 —0001 0000 0001 0.002 " 20002 0001 0000 0001 0.002 beyond the TeV
ey ey scale!

Figure 14: (Left) 90% CL constraints on eg 1 at g = 2 GeV from S-decay data, cf. Eq. , with Ax® = 4.61, (black ellipse), from the
analysis of pp — e + MET 4+ X at the 8-TeV LHC (20 fb~') [12] (blue ellipse), and from radiative pion decay, cf. Eq. [23] (orange
band). The green band shows the 90% CL bound (A x? = 2.71) using only superallowed Fermi decays. (Right) Same figure but using projected
B-decay data, cf. Eq. (black) and projected LHC bounds from pp — ¢ + MET + X searches with 14 TeV and 300 fh—1 [23] (blue).

& and g1 : Wilson coefficients / linear combination of couplings of scalar and tensor currents

{ ?5 +?; :2g51‘:’5
Cr+C; =8grer
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Search for CP violation in Nuclear -decay

GgV, __ _ .
9 = iﬁ”d z (%,0:9,)[P.0L(C; + Clys)¥,] + h.c.
i=V,AS,T,P
T. D. Lee and C. N. Yang, Phys. Rev. 104, 254 (1956).
Fermi approximation Sum of Lorentz invariants

Standard Model

At quarklevel: Cy = —C4, =1,Cc =Cr =0
And C; = —C; for maximal parity violation
Real for T reversal/CP conserving interactions

2
Take Lee and Yang Hamiltonian, apply Fermi’s 2" goldenrule T';_,; = % |{f|H'|4) |2p(Ef]
Searching for CP violation in interference terms between interactions

Allowed currents: Im (C,C,) - the D correlation
Beyond SM currents: Im(C;C,) — the R correlation



Search for CP violation in Nuclear -decay

T - odd Triple correlations

New type of correlation
In radiative J - decay

R correlation
R-o{@x&j N
J E, oc(pexk)-pv

S. Gardner and He, Phys
Rev. D 87, 116012 (2013)

The TRINAT experiment

D correlation

0. (E,E)

] \E. E,

Jackson, Treiman and Wyld,
Nucl. Phys. 4, 206 (1957)

Jackson, Treiman and Wyld,
Nucl. Phys. 4, 206 (1957)

The MORA experiment The MTV experiment

at JYFL then GANIL at TRIUMF at TRIUMF
23Mg, 3Ca BLi 92Rb and 38mK
’“Im(CACT*) Nlm(CTCP*)

~Im (C,C,")
Other candidates (37/38mK)

P. Delahaye et al. J. Murata et al.

Hyp. Int. 240, 63 (2019) ~Im(csC,")
% J. Behr et al.
IQNE(()Sir\‘OM,\‘ANDlE k Y J
THEMORAPROJECT " 'NR See talk J. Behr at Amherst University, 2018 14

MATTER'S ORIGIN FROM RADIDACTIVITY
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Search for new physics via the D correlation measurement

(]_>) @’ ﬁ,’ A non-zero D can arise from CP violation
D Ji ' E. X E, I®  CPviolation observed in the K, B and D - meson decays is not enough

to account for the large matter — antimatter asymmetry
T reversal odd Bl T-odd correlations in beta decay (D and R) and n-EDM searches are
sensitives to larger CP violations by 5 to 10 orders of magnitude

See P. Herczeg, Prog. Part.
Nucl. Phys. 46 (2001) 413.

P 'éala;de d"androméde - credit: NASA - - A2AN :fibom -'sbsmoibné'b si';(’slsaf_ ’ ’

Below 104, Final State Interactions mimic a non zero correlation

Best measurement so far:  D,=(-0.94 +1.89+0.97)-10* emiT collaboration, PRL 107, 102301 (2011),
Dy, =(116)-10" Calaprice, Hyp. Int. 22(1985)83

MORA: D correlation measurement to the 10 level with some beam, laser and trapping R&D
* Search for leptoquarks beyond the TeV scale
* First approach to probe of Final State interaction effects 16



Complementary of searches for CP violation

1
2p < J ) /2. Mixed Fermi + Gamow Teller transitions! Cy and C,

= _Im(Cy/C,) - 24
ViTA g J+1 Measurement of the T/CP violating phase between C;, and C,

vy 1+p?

* D correlation measurements
* In terms of Wilson coefficients, the world average for D,translates into Im(C,/C,)=(2.0£5.0)x10™*

* Current indirect bounds from nEDM as derived using an EFT approach on D and R
* with dimension-6 operators yields 2 order of magnitude higher constraints
* But these conclusions are no longer valid if the D-parameter originates from dimension-8 operators

*  Bounds from D still competitive at least for the leptoquark models
* J.NgandS. Tulin, Phys. Rev. D 85 (2012) 033001.
e C.-Y.Seng et al., Phys.Lett. B 736 (2014) 147. - constraints relaxed by one order of magnitude
Summary in K.K. Vos et al, Rev. Modern Phys. 87 (2015) 1483
* AndDis a “cleaner” probe than nEDM, not a complex mixture of operators

* Finally the D correlation can provide a test of the EFT framework
* D and nEDM are complementary approaches to search for CP violation
* New Physics probed with 6,<5x10>

* A full classification of models evading EDM constraints, such as leptoquarks, is still missing
* A dedicated study using the EFT framework has just started

A. Falkowski '?L) (.Lab

A. Rodriguez — Sanchez PP—

Laboratoire de Physique
des 2 Infinis

P. Delahaye, NEDM2021



Why leptoquark models are so interesting

3 Sakharov conditions for Baryogenesis (matter antimatter assymetry observed in the universe)
* (i) alarge Cand CP violation
»  (ii) a violation of the baryonic number,
*  (iii) a process out of thermal equilibrium.

2 of the 3 conditions fulfilled, LQ appear in the first theories for Baryogenesis
* A.Y.lIgnatiev, N. V. Krasnikov, V. A. Kuzmin and A. N. Tavkhelidze, Phys. Lett. B 76(1978)436.
* M. Yoshimura, Phys. Rev. Lett. 41(1978)281, M. Yoshimura Phys. Rev. Lett. 42(1979)746.
* S. Weinberg Phys. Rev. Lett. 42(1979)850.
* Decay out of equilibrium in GUT Theories

Popular explanation for the flavor non conversation observed in B meson decay by the LHCb, BABAR and

Belle collaborations

See eg Dumont et al, Phys Rev D 94 (2016)

*  Projection on S1 scalar leptoquarks explaining the anomaly:
*  Present: MS1 < 400-640 GeV (8 and 13 TeV LHC searches)

*  Future: MS1 <5 600 - 800 GeV at the 14 TeV LHC with L = 300/3000 fb-1 of accumulated data

Potentially discovery of a leptoquark up to 1.1TeV with over 50 significance with a 14TeV LHC with L=3000fb!

Competitive sensitivities from the D measurement - beyond the TeV energy range
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- lon cooling and trapping developped for

Off line commissioning at @

First semester 2021

- Theoretical studies with
state-of-the-art EFTs

) [ G

Iréne Joliot-Curie

- Back to =

=ANgh—

/DESIR: 2025

Project funded by

EREGION
NORMANDIE

MORA in a nuishell

State of the art techniques from ISOL facilities

- Innovative laser polarisation
techniques at

’/ Injected ion =)

beam

Helmoltz colls,

Annular Si
§> detector
Detection Paul

: trap
. ———
Annular Si
detector

Laser beam for optical
polarization

Proof of principle of polarization
First D measurement 2021- 2024

With experts from:

s

JUGLEAR AND N PHYSICS The University of Manchester

(investment) and NR (PhD and postdoc positions)  ~1ME€ in total

P. Delahaye, NEDM2021 20



MORA: Best candidates for D measurement

Neutron and mirror nuclei (N=2-1): strong mixed (GT+ Fermi) transitions between analog states

Alkali earth elements for in trap laser ion polarization

1
B da 2p J \"?
D = —Im(Cv/CA) . E : 1+ p2 : <] + 1) 2nd candidate, R&D

1st candidate; >108 for ISOL production

F(X) pps from SPIRAL 1 required
n 19Ne 23Mg 35Ar 39Ca

Sensitivity

F(X) 0,43 -0,52 -0,65 0,41 0,71

D, (x10%) 0,108 2,326 1,904 0,386 -0,489

D, (x10%) 0,023 0,169 0,099 0,010 -0,024

” Drsi(pe) = <D1 Ly D, - pemax) x 107
D = (-0.94 +1.890.97)-10% D,,,=(1 £6)-10 emax Pe
Callan and Treiman, Phys. Rev. 162(1967)1494.
Best measurement so far, statistics limited

Chen, Phys. Rev. 185(1969)2003.

P. Delahaye, nEDM2021 21



MORA: measurement principle

In trap optical polarization

N+4—5° + N+135°_N—45° _ 1\1—135D

coinc coinc coinc coinc
=6'D-P

N+4—5° + N+135°+N—45° + N—135°

coinc coinc coinc coinc

v

a

~1m Where 0 is depending on the phase space coverage

P. Delahaye, NEDM2021
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Relative decay probability (%)

Relative decay probability (%)

MORA: measurement principle

Beta decay spectrum and correlations on 6,,

—— Allcorrelations
------ All correlations but D
D correlation (D=1)

" Full phase space

A I T T T B T R T Rt
-50 0 50 100 150

=B T ERI I N R RAE!
-150 -100

Same, with an emiT-like detection setup

—— All correlations
------ All correlations but D
D correlation (D=1)

;-fr emiT-like phase space

P I T R SRS R R
-50 0 50 100

8=0.775(1) for Mg, compared to
0~0.3 for the neutron

Ll
150
0, ()

T R R
-150 -100

In trap optical polarization

6,,.~135° 0.~ — 135°
B ., L B
{ N '\ 10 cm
1 |
5 \/
1 % ". N
| p a .
i Ber~45° Re:/oil Oer~ — 45
+45° +135° —45° —135°
Neoine + Negine — Neoine — Neoine —5-D-
+45° +135° —45° —-135°
Ncoinc + Ncoinc + Ncoinc + Ncoinc

Where ¢ is depending on the phase space coverage

P. Delahaye, NEDM2021
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MORA: sensitivity challenges

So far statistical
uncertainties have
dominated, over
systematic uncertainties

-1
~ +45° +135° —45° —135°
D= (6' P- \/Ncoinc + Neoine T Neoine T Ncoinc)
Place and type of |Trapped Meas. Detected |G, stat [Detected |Sensitivity
measurement ions /s Decays/s |time (d) |coinc. (P)|(%) coinc. (D) (onD
YFL: polarizati
JYFL: polarization | » 04 |6.136402| 8 | 1.76+05 | 1.96400 | 1.56406 | 1.0£-03
degree
JYFL: D
. 2.00E+04 [ 6.13E+02 32 6.7E+05 | 9.4E-01 6.1E+06 5.2E-04
correlation
DESIR: D
S . 1.00E+06 |3.07E+04 24 2.5E+07 | 1.5E-01 2.3E+08 8.5E-05
correlation*
DESIR: D
S . 5.00E+06 | 3.07E+05 24 1.3E+08 | 6.9E-02 1.2E+09 3.8E-05
correlation**

Provided that

* Trapping capacity is attained

* Efficient laser polarization is demonstrated

* Systematic effects are kept under control

*present trapping capacity
** optimized trapping capacity

- Below 5.107 is feasible

P. Delahaye, NEDM2021

See for ex.:
D= (-0.94 +1.89+0.97)-10**

emiT collaboration, PRL 107,
102301 (2011), Phys. Rev. C 86
(2012) 035505

24



MORA: sensitivity challenges
Down to a few 10-° sensitivity

The emiT experiment gives a few hints
emiT

El

H. P. Mumm et al, Rev. Sci. Instrum. 75, 5343 (2004)

H. P. Mumm et al, PRL 107, 102301 (2011) P. Delahaye et al, Hyp. Int. (2019) 240:63

Trick: using symmetry of the detection setup, and spin flips
D from superproducts to cancel out systematic effects

p= N ep; P.}"Nl NPLP PP]Vfl,p "J)Nf]’pl’l Do 1 (R]s’S_l)
Nl NNl NI NN N N' g 5. p®RE+1)

epy' epsttespy e e pyt ey

P. Delahaye, NEDM2021 25



MORA: sensitivity challenges
Down to a few 10-° sensitivity

* The emiT experiment gives a few hints

Systematic effects

Most of the dominant effects should be highly

Source Correction Uncertainty reduced by the trap confinement
Background additive —0.07 0.07
Multiplicative® 0.03 0.09 .
Electron backscattering additive 0.09 0.07 *Beam éxpansion
Multiplicative 0.1 0.03 * From 5 cm for the neutron to ~2mm
Proton backscattering 0 0.03 .
_Lleciron threshold nopupiformity 004 010 for tra pped ons
g”’d‘;'*f;“l’;hi"]‘s“'“"“ _?';3 g-j('} *ATP= assymetric transverse polarization
2dm expansic —1. -
Polarization noguniformity W] 0 10 .Very gOOd def|n|t|0n Of the aXlS Of
ATP-misalignment —0.07 0.72 . .
ATPtwist 0 0 polarization thanks to the lasers and
Spin-correlated flux 0 <0.01 magnetic field
Spin-correlated polarization 0 =0.01 .. .
Polarization b 0.04¢ * negligible expansion of the cloud
b .
Ko o 0.04 « effect can be canceled for uniform
Total corrections —1.66 0.97

beam using 2 adjacent cell

n Ref. [11] this entry had a typographical error.

t‘Po]ari;.mlcm an.d Kiu are inclu.dcd in_thc* definition of D. * The prOton/reCOil threshold should be
£ Asznmes nolarization nncertaintv of 0.05 minimal for MCPS Compared tO SBDS, but Wi"
Dn=(-0.94 +1.89+0.97) 10* be affected from RF field to confine ions

umm et al, Rev. Sci. Instrum. 75, 5343 (2004)

H.P.M
H. P. Mumm et al, PRL 107, 102301 (2011)

Investigations of systematic effects have just started - Abhilasha Singh



MORA: lon trap optimization

From LPC Trap To MORA
P. Delahaye, G. Ban, M. Benali, et M. Benali, G. Quéméner, P. Delahaye, X. Fléchard, E.
al., «The open LPC Paul trap for Liénard et B. M. Retailleau, «Geometry optimisation of a
precision measurements in beta transparent axisymmetric ion trap for the MORA project,»
decay,» Eur. Phys. J. A, p. 55, European Physical Journal A, vol. 56, p. 163, 2020.

"A

L E, Eg Eg Ry Ry Ry Rg Ry Ry E4 Eg Eg

-”"*rbb'b'i’l\_‘
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f
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ww 97LT

Enlarging the harmonic region

P. Delahaye, NEDM2021 27



1000
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MORA: lon trap optimization

MORA: * enlarged trap

* environment taken into account
* conical geometry optimized

Trapping radius as defined in ...
is enlarged from 4.5 to 12.5 mm

Number of trapped ions as a function of rmax (mm)

Ideal potential (r0=12.875 mm)
LPCTrap (r0=12.875 mm)

Ideal potential (r0=19.534 mm)
Scaled LPCTrap (r0=19.534 mm)
MORATRAP (r0=19.534 mml)

~12.5mm

~7mm ~11mm

r (mm)

Impact on performances from

P. Delahaye, G. Ban, M. Benali, et al., «The open LPC Paul trap for
precision measurements in beta decay,» Eur. Phys. J. A, p. 55, 2019.

P. Delahaye, «Analytical model of an ion cloud cooled
by collisions in a Paul trap,» Eur. Phys. J. A, p. 55, 2019.

environnement

lon Tra ro ret Vo Verr  Qma/e | Qmale Trapping Ralf life (s)
P (mm) (mm) (V) (V) (mesuré) | (eq. 4-11) Meas. / from [5]
LPCTrap 12,875 4,5 60 7,3 5,0E+05 | 1,6E+06 0,5 0,5
LPCTrapno 1,075 7 60 177 £ B 2
environnement
LPCTrapno 1,953, 11 100 317 1,7e+07 1892,7
environnement
MORATRAPWith | 1o o) 155 100 409 2,5407 LR

25

Trapping capacity x10

P. Delahaye, NEDM2021

Trapping half-life >>
radioactive half-life (11s)

28




MORA: in-trap laser polarization

* The nuclear spin | interacts with the atomic one J 2 F=I+J
* o+ or G- light to scan the hyperfine structure forces ions in the m_=+F state

Transition probabilities: numerical simulations

23 : F= 1+ , .
Mg hyperfine structure R. de Groote, X. Fléchard and W. Gins
32P 140 4 —— 100 shots, 0.25 * 5.7e7 W/m~2
I‘ —— 1 shots, 0.25 * 5.7e7 W/m:Z
" g — 2 0ases e s
ar —— 4 shots, 0.25 * 5.7e7 W/m”~2
—— 5 shots, 0.25 * 5.7e7 W/m~™2
E~4.2eV D OE~5 peV g
(280nm, 1.07-10° GHz) (1.2 GHz) 5
3251’,2—‘/ ISE 40
Transitions excited using trippled Ti:Sa laser pulses s S . e
. . . Frequency detuning (MHz)
A~280nm o+ polarization, ~4GHz width T
With the power available at JYFL
Doppler shift/broadening due to ion motion ~1.6GHz » . .
PP / & More than 99% achievable in 1ms

Collisions with He atoms (no spin) do not depolarize Probable limitation: laser light polarizati%

P. Delahaye, NEDM2021



MORA: polarization measurement

Polarization proof-of-principle in JYFL 2021

-t
(E

PhD thesis of Nishu Goyal

N, — N,

— XA, P
Ng++Ng+ F

Remember: C. S. Wu et al.,
Phys Rev 105(1957)1413

Si segmented detectors in the axis of the trap

P measurement
Very first tests ongoing

P. Delahaye, NEDM2021
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MORA: outlook

New perspectives with polarized beams with MORA
* Commissionning of MORA at LPC Caen - first semester of 2021
* Ongoing detection tests (PhD thesis of Nishu Goyal)
* |Investigation of systematic effects thanks to high level simulation
* Abhilasha Singh, postdoc
* Proof of principle of the polarization at JYFL - Second semester 2021
* First measurement of D at JYFL - 2021 - 2024
* Best sensitivity for nuclear beta decay is probably possible
* D correlation measurement with unprecedented accuracy in SPIRAL 2/DESIR — From 2025 onwards
* improvement by 1 order of magnitude on the sensitivity to Im(C,/Cy)
* Probing New Physics beyond the TeV scale
* First approach /probe of D, for 23Mg
* Theoretical efforts coordinated by 1JCLab
» for defining what NP one is probing with D measurements to the 10~ level
* Full classification of models evading nEDM constraints in addition to Leptoquarks
* For reviewing D, calculations

32

Great physics with great challenges!

P. Delahaye, NEDM2021



some pictures

MORA

Sa

Setup in LPC Caen

33
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Stations
d’acquisition

Phoswhich tests at LPC Caen
(PhD Thesis S. Daumas-Tschopp)

MORA: some pictures

digital modular
acquisition system

P. Delahaye, NEDM2021

Acquisition + Display (

34



Proof of principles @’ 2020-2023
JYFL

JYFL: ~10° 2Mg/s
Laser setup readily available

1) Polarization degree measurement ~% level
2) D correlation measurement ~ 5-10* level



Highest sensitivity measurements 2024-...

 Se—
Yy AN |
laboratoire commun CEA/DSM k / CNRS/IN2P3

Neutron for Science experimental area c . hall £
Up to 30 MeV n xperimental hall for

very low energy
NES beams (keV)

High intensity p, d, He beams
(1-5mA) 30-40 MeV

High intensity heavy ion beams
(1-10 ppA) 14.5 AMeV

SPIRAL 2 LINAC

Super Separator Spectrometer
RIBs from fusion reactions
SPIRAL1: >102 23Mg/s

?? S3-LEB: >10°% 3°Ca/s GANIL

D correlation < 5-10°5 level Experimental areas and cyclotrons: heavy ions (ppA) up to 95AMeV

SPIRAL 1 facility: RIBs from fragmentation 26



.ﬁES'F?QANmE Thanks a lot for your attention 2

NR

N\ > o — @
Laborotoire de physique corpusculaire

E. Liénard
M. Benali

S. Daumas-Tschopp

Y. Merrer
X. Fléchard
G. Quéméner

N. Severijns
W. Gins

M. Gonzalez-Alonso

2/16/2021

P. Delahaye

F. De Oliveira
C. Fougeres

N. Goyal

N. Lecesne

R. Leroy

B.M. Retailleau
A. Singh

‘&)CLab

Iréne Joliot-Curie

Laboratoire de Physique
des 2 Infinis

A. Falkowski
A. Rodriguez — Sanchez

P. Delahaye, NEDM2021

THE MORA PROJECT

MATTER'S ORIGIN FROM RADIOACTIVITY

@o

JYFL

I. Moore

T. Eronen

R.P. De Groote
A. De Roubin
A. Jokinen

A. Kankainen

12%91 9

M. Kowalska
G. Neyens

The University of Manchester

M.L. Bissel



