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Searching for new physics beyond
the Standard Model

Low energy
Hich Frontier
lg eltlf:rgy » precision
. ronl 1€T EFT measurements
HE accelerators operates at neV scale
operate at TeV scale ‘
l = study of 1st particle family
study ?f 2nd al.lt.i 3rd = good sensitivity for energy,
particle families) momentum and spin

polarization measurements)

» Beta Decay

Sensitivity to new physics in beta decay comes at the precision frontier via:
v tests of unitarity of the CKM matrix
v by precision measurements of beta spectrum shape

v by precision measurements of correlations sensitive to the chiral structure of the weak

interactions, e.g. neutron correlation coefficient measurements
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/ EFT and search for BSM oarop
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Neutron B-decay in Standard Model , ,
Semi-leptonic decay process

A In the Standard Model (SM) only two parameters survive
(at tree level):

GF

L H,— M,
H:ﬁpud p{}//l(l_i_)"}/.i)_*_ :

%q”}n ey (1-7s)v.

P

V o = CKM matrix element J = g—A — axial-to-vector
gy coupling constant ratio

I : two decay amplitudes (vector and axial-vector) need
two measurements to specify SM values

4 V,,4 A can be extracted from: f - phase space factor
8z — radiative correction (model independent)
» Neutron lifetime measurements: Ag — radiative correction (model dependent)
G2m> . i N (4908.7i1.9)s
-1 F''% (17 |* - =
T = J 1+, )(1+A, )(1+34 T 2 5
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» Differential decay rates: angular distribution of decay products (correlation coefficients)

e.g. neutron spin and electron-momentum angular correlation: parameter A /
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Neutron 3-decay correlations

Observables in neutron beta decay can be expressed generally as a function of possible coupling
constants (assuming only Lorentz-Invariance). Depending on the initial state and measured quantities

for beta decay products it is possible to define various differential rates and split them into terms

depending on momenta and spins of partiCleS ( C.F. vWeizsécker, Z. f. Phys. 102,572 (1936), M. Fierz, Z. f. Phys. 105, 553 (1937),
1.D. Jackson et al., PR 106, 517 (1957)
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p. - electron momentum p, - neutrino momentum
o - electron spin sensing direction

U

Electron spin related coefficients reveal sensitivity to SM and BSM physics

O Polarization of decay electrons can be analyze with required accurancy and
statistical efficiency

d Expression for correlation coefficients a,b,...,W are function of A =g, /gy

J.D. Jackson et al., Phys. Rev. 106, 517 (1957); J.D. Jackson et al., Nucl. Phys. 4, 206 (1957);
K M.E. Ebel et al., Nucl. Phys. 4, 213 (1957)
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Measuring electron-momentum, proton-momentum and transverse electron polarization,
the differential decay distribution can be expressed as

dr ~ 1+ale Do +b""’+<j>-

/ E, E, E,

Neutron lifetime I' = 7,1 . H&—{— L&X Pr +N <J> +R <J> X&
E, E E ' J J E
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neutrino-electron correlation

Fierz interference term  beta asymmetry neutrino asymmetry includes b= o

\ |
Ny a0+ X (-4
a=1"" oo, A=—2(—,), B=—2(—,), D=0
1+34° 1+34° 1+34°
O Experimental correlation coefficients related to p,, p, and o are deduced form rate asymmetries:
gsy=11"12. - —>-p. J>-J -
i T AT, P—>P; P P, —>-J, o, >-0,

d All correlation coefficients can be expressed as linear combinations of real and imaginary parts of
exotic (scalar and tensor) couplings:

X=X, + X+ ReS+c Rel'+c  ImS+c , Im7

_Gs+C o GG
C, C

4

S

Cpos+ Cpars Crys - Cpr — functions of A = C, /C, and kinematical quantities

M Overdetermination is advantageous in suppressing systematic errors
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Sensitivity factors for scalar and tensor couplings at leading order
(no recoil terms and point charge)

K. Bodek - talk on Fundamental Symmetries Research with Beta Decay Workshop, Seattle (2019)

coefficient SM (M)
a -0.104793 0 -0.1714052 0.1714057 -0.000727 +0.001171
b 0 0 +0.171405 +0.828595 0 0
A -0.117233 0 0 0 -0.000923 +0.001420
B +0.987560 0 -0.126422 +0.194539 0 0
D 0 0 0 0 +0.000923 -0.000923
H 0 +0.060888 -0.171405 +0.276198 0 0
I 0 -0.000444 0 0 +0.171405 -0.276198
N 0 +0.068116 -0.217582 +0.334815 0 0
R 0 +0.000497 0 0 -0.217582 +0.334815
s 0 -0.001845 +0.217582 -0.217582 0 0
U 0 0 -0.217582 +0.217582 0 0
v 0 0 0 0 -0.217582 +0.217582

* Kinematical factor averaged over electron kinetic energy E, = (200,783) keV
T (]1Cs12+|C’<|?)/2 instead of ReS and (| C;|%+|C’;|%)/2 instead of ReT, respectively

Cancellation effects are insignificant for transverse electron polarization
related correlation coefficients




Fundamental neutron physics provides more than 20 observables reach
in information which is difficult to achieve (or not achievable at all)
in other fields of Particle Physics
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Which neutrons should we use?

O Cold neutrons: E_ ~5meV, 0~ ~1km/s

Q CN production via moderation of thermal neurons:

* Cold sources: moderators made of liquid
hydrogen or deuterium operated at 20 K
* Cold moderators are typically inserted close to
reactor core or to spallation target
UCN UCN
O Ultra-cold neutrons: £, ~300neV, v~ <8m/s

O UCN production via moderation of CN

aCl

ANNI (ESS)

Yes

PF1B (ILL)

No

MEPHISTO
(FRM I1)

No

NG-6 (NIST)

No

NG-C (NIST)

No

FunSpin (PSI)

No

FnPB (SNS)

Yes

FP12 (LANSCE)

Yes

NOP (J-PARC)

Yes

N

The three most efficient
CN sources

Time-averaged neutron
capture flux in
10 [n/cm?/s]

Scientific programme:
1) Neutron Beta Decay

for physics beyond the standard model.

direct production at existing or planned particle colliders.

ANNI is a cold neutron beam facility for particle physics, it will make full use of the ESS pulse structure.

The proposed instrument is optimized for measurements of correlation coefficients in neutron beta decay. It will improve
the measurement by one order of magnitude, unlocking the accuracy range of 10-4 and providing broad band probes

The achievable accuracy tests new physics on a mass scale of 1-100 TeV, this mass scale is far beyond the threshold for

2)...
3.

https://europeanspallationsource.se/science-using-neutrons/particle-physics
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Neutron B-decay correlations worldwide

O Review on the interrelations between decay coefficients can
be found e.g. in D. Dubbers and M. G. Schmidt, Rev. Mod.
Phys. 83 (2011) 1111-u171.

O  Sensitivity analysis of new experiments can be also find in
S. Baessler talk presented on NORDITA Workshop , Particle
Physics with Neutrons at the ESS” (2018).

Measurable |Experiment Lab Method Status Sensitivity Target Date
(projected)

B—v aCORN[1] NIST |electron-proton coinc. |running complete 1% N/A
B—v aSPECT| 2] ILL proton spectra|running complete 0.88% N/A
B—v Nab| 3] SNS proton TOF construction 0.12% 2022
3 asymmetry PI’RC ‘41| FRMII beta detection construction 0.05% commissioning 2020
11 correlations |[BRAND| 5| [ILL/ESS various R&D 0.1% commissioning 2025

arXiv: 1907.02164v2 (2019)

[1] G. Darius, Physical Review Letters 119, 042502 (2017).

[2] M. Simson, Nucl. Instr. Meth. A 611, 203 (2009).

[3] D. Pocanic, et al., NIMA, 611, 211 (2009).

[4] D. Dubbers, NIMA, 596, 238 (2008).

[5] K. Bodek, EP] Web Conf. 219 (2019) 04001.

[6] T. E. Chupp, et al., Phys. Rev. C, 86, 035505 (2012).

[7] A. Kozela, et al., Phys. Rev. C 85, 045501 (2012).

k[S] H. Abele, et al., ] Res Natl Inst Stand Technol. 110(4): 377-381

Correlation and anticipated
precision

aSPECT a (3x1074)

aCORN a (5x104)

Nab/aBBa/PANDA a (~104), b (3x104), A, B, C (~104)
emiT [6] D (~104) — measured

PERC a, b, A (3x105), B, C, D (?)

PERKEO [8] A (2x10), B, C (2x10°2) — measured
UCNA A (2.5x1073)

UCNB B (<1073)

nTRV [7] N, R (~102) - measured

*included data up to 2018

(2015). /




BRAND will be measured the 11 correlation coefficients

[
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were never measured before
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BRAND - kinematical sensitivity maps
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Sensitivity maps for the N, R, H, L, S, U and V coefficient as a function of the polar electron angle 0, or the relative
electron-proton angle and the azimuthal spin projection angle ¢, (arbitrary units). Irregularities in contours are
due to limited statistics in simulations. The kinematical acceptance is defined by

EF® £(200.782)keV, Ex* £(50,760)eV. 6, €(45°.135°). 6, £(30°.150°). /

.-m(dcg) nm(du‘g)
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 Constraints on ReS and
ReT contributions will be

comparable to that

obtained from Fierz term

(spectrum shape) with

Ab < 103 but with
completely different
systematics

d Similar accuracy is

expected for ImS and

Impact of H, L, N, R, S, U and V measurement with anticipated accuracy of 5 x 104

(in ultimate BRAND phase)

d In order to be
competitive with HE
searches, new n-decay
correlation coefficient
measurements should
improve by 1 order of
magnitude

M. Gonzalez-Alonso et al., Ann. Phys. 525 (2013)
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effects)

K. Bodek Acta Phys. Pol. B 47 (2016) 349

™




4 N

One sector (1/6) of BRAND ultimate setup Experimental methods: BRAND COIlCGpt

o U neutron beam in vacuum
Mott scattering foil
MWDC, U axial symmetry
( hexagonal cells, operated at
! 5t mixture: He + quencher) U electron tracking in low Z and low pressure MWDC
o N\ERRRIRpN e
Grounded vacuum window 0 measure decay electrons and e-p coincidences
,Proton” detector
o-e conversion foil, 25KV O p-e conversion followed by e detection in scintillator (ToF, position)
LiF (20 nm) + Al (10nm) + .
Plastic 6F6F (100nm) U decayvertex reconstruction
intillat , . . . .
seimtators Grounded wires 0 electron spin analysis by Mott scattering (vertex reconstruction)
He + Isobutane, 300 mbar (1 bar)
e-p conversion foil (LiF)
Mott target (Pb, 238U)
Vacuum window MWDC (He+isobutane) Grounded
For reconstruction of decay kinematics \ /
O electron 4-momentum,

O proton 4-momentum

and D ¢ —
\ \ |
[ electron transverse CN beam #
polarization \“--\ T
will be measured """"""“E’j"z_z} e
0 *

scintillator Longitudinal neutron polarization;

K. Bodek, et al. Acta Phys. Pol. B 47 (2016) 349. axial guiding field B = 0.1- 0.5 mT
K. Bodek, et al. EPJWeb of Conf. 04001 (2019).

k 0 500 1000 1500 mm
| ' | | ' | . L L | | I 1 I |




Concept of test setup for the BRAND at ILL (1% run of 2020)

miniBETA-bis -
Electron tracking

p-e conversion foil
Mott target LiF(2onm)+Al(1onm)+6F6F(100nm) , —25 kV 1

Pb(1 pm)+Mylar(2um) | l ‘ l ‘ ‘ l ‘ f

\ """""""""""" 4 He  _ O Decay electrons from
. t »
\. A" »Pro"on . free neutron decay
- scintillator

—

O Mott scattering for

T""""-O-O-Q-o_—s

\\ | electron spin analysis
AR EAN p

IJUnguIgenjuigunjauguagn =
Outer =
scintillator Inner

O adopted the MWDC
Grounded grid technique of the

- . - . . *
Vacuum window miniBETA spectrometer

scintillator Mylar (6pm)

* Acta Phys. Pol. A, 23, 2647 (2018);
arXiv:1810.02785 (2018);

-
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Detection of electrons

MWDC based on miniBETA spectrometer

> ” node wires - 1,
Inside view of MWDC | 3 . iiodewires - CuBe

<
‘< ‘>~ 5
o Yimm)

TDCtimes in the cell [ns]

From drift time: Ar = 0.5 mm

= X [mm]

Z [mm]

Energy detector + wire chamber:
energy readout from the scintillator + backscattering detection;
XY positioning: drift time measurement: frpc = fsiop — start

- tstart - ScIntillator

- Istop - Signal from a wire
7 positioning: charge division;

80 hexagonal cells

(10 signal planes with 8 wires each);
V-tracks

Filled with He + quencher mixture with low pressure;

Expected Mott vertex position uncertainty Ar= 2 mm,Az= 2 cm,
Gyore €(100° —150°)

1.00

100 P : ?"-"°--'.-----...,“
0.95 "
t
o | S i 0.90 +{
i.+_+
S S }
0 . : =0.85
0.80
-50
0.75
—100} :
~100 ;50. 0 5'0 0.700 1 2 3 4 5 6 7 8
Y [mm] r lmm]

From charge division: Az/z = 0.02 Efficiency = 99% r € (0,7) my
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Primary electrons

Electron energy measurements with the plastic scintillator
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En [arb.units]

radial distance

(D200x15

10 20 30 40 50 60 70 80 90
R Imml

Efficiency

-80

-80 -60 -40 -20 0 20 40 60 80

X (mm)

Simulated light collection versus

0.380

0.375

0.370

0.365

iciency

0.360 -

Eff

0.355

0.350

0.345

Maximum gain and response uniformity across the scintillator surface

Apply position dependent calibration

Reduced gamma background

Reached energy resolution o = 28 keV for E, = 482 keV (207Bi)

[miniBETA]

Feasible electron energy threshold for direct electrons: 150 keV

- detected by the inner scintillator

Mott electrons

PMT1
600 mm PMT2
x10°
140
Hodoscope 1 o, = 45.12 keV
120
: nTRV i
100~ i ‘E
@ [
- 80— R
3 C H
o [ i
O 60— |
r 5, = 29.39 keV
40— /
% 200 400 600 800 1000 1200 1400

1500

1000

500

Proton time-of-flight (ns)

200 400 600
I Eleatren kinetic.energy (keV)

(150 keV for Mott scat.) but FoM: 200 keV

Initial Energy (keV)
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Proton detection principle

O Acceleration in
electric field (~25 kV)

U The secondary
electron conversion

technique

Energy information
from hit position
and TOF in plastic
scintillator

electron
V = -20 to -30 keV detector
5 3 ™~
—

accelerated
secondary e-
shower

primary e- from
decay beta

~100 nm 6F6F foil

- substrate )
~10 nm LiF

- conversion layer

just passes through | |

Proton trajectories

’

200 -/
150 |
100

S0

-50
-100
-150

200 -\

250+ / N ——
300 200  -100 0 100

S. Hoed], et al., Journal of App. Phys. 99, 084904 (2006)

After optimalization of the
wire thickness and distance
. between wires:
(geometrical) efficiency for
proton detection ~ 63%

200 300

P(n)

50
40
30
20

10

-10 ¢
20
230
.40 |

-50 -

25keV Proton Beam

Influence of electric field on proton trajectories (COMSOL simulations)

0.1 g T T 3
0.01 F —
0.001 F b
i l.. ..::A aaa, ’
0.0001 -. % ‘-gl
[ ]
- L] :
le-05 F Data A m L 3
[ Backscatter ~m W ®
le-06 | Badkscatter/Bounce L] - &
L | | p
16'07 1 1 1 1 1 1 1
0 510 15 20 25 30 35 40
Number of Electrons
1 1 1 1 1
Decay Electrons ———
]_('_)'1 + Secondary Electrons ------- 4
e
B )
g i
& -
1 1
0 100 200 300 400 500
Energy Deposited (keV)
Electric potential (V) -
T T T - A0
x10*
] —0
-0.5
-1
-1.5
2
1 I 1 1 1 I | -2.5
120 140 160 180 200 220 240 ¥ -2.5x10%




4004

200 4

,Proton” detector

Proton (electron) detector (R&D):
U 25 um thick plastic scintillator

protection grid
-24.9 kV

GND

U MPPC light readout y
U current preamplifiers with cooling system
Q

hit position resolution reached ~5 mm
F

GND

proton
a) o L A -
Au Aml Amz Am—l

0 "
i %
T X, Xp| X2 x::l! | J -

0 <5

N
%

— scintillator [] light guide (PMMA) == |light sensor (SiPM, PM)

Light readout principle of proton detector

c) —=—16,2-165 200
——192-195 '
222-225_
d=35mm,s=30mm | ——252-255/_ 40
—+—282-285 _
——31,2-31,5/_
dl ——342-345/_
—e—37,2-375_
——40,2- 40,5

Evaluated position [cm]

|||||||||||||||||

012 416 320 224 6528 032 436 340 2 10 20 30 40
Measured position L [cm] True position [cm]

p-e foil
-25 kV

AN

cooling system

5l

\

detector




Three project phases are foreseen

- BRAND | BRAND Il BRAND lli

Site ILL Grenoble ILL Grenoble ESS Lund
Time 3 - 4 years 3 - 4 years 5-6 years
Pressure Ambient Ambient 300 mbar
Mott target Pb (Au) Pb (Au) Depleted U

Coverage of

azimuthal angle LlE Full Full

Statistical precision (goal)

A 0.0008 0.00008 0.000016

a, B, D 0.005 0.0005 0.0001

R, N 0.01 0.001 0.0002

HLS UV 0.02 0.002 0.0004
Systematic errors

RN HLSUV 2x103 —>  1x103 — 5x10+4

BRAND | (ILL) BRAND Il (ILL) BRAND III (ESS)

BRAND is one of the experiments proposed for the ANNI beamline -
the pulsed cold neutron beam facility dedicated for particle physics at
the European Spallation Source (ESS) which is currently being constructed

K in Lund, Sweden /
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Conclusions

 BRAND project offers systematic exploration of the transverse electron
polarization correlation coefficients R, N, H, L, S, U, Vin neutron beta decay

(the last five were never measured before)

d Combined impact of R, N, H, L, S, U, V on new physics is comparable

(or better) to Fierz term b and reveals completely different systematics

O ,HE approach” (tracking, vertex reconstruction) allows to measure in low

magnetic field which is necessary for transverse electron polarization

d Simultaneous measurement of standard coefficients a, A, B and D will
provide consistency check and comparison of systematic effects specific to

high- and low- magnetic field techniques




Summary and outlook

U Fundamental neutron physics gives strong input to Particle Physics
[ Neutron observables allow to test directly SM and search for TeV scale physics BSM
 HE accelerators can find BSM particles on-shell, while -decay experiments can
confirm it in observables (off-shell corrections)
d BRAND project, devoted to measure 7 electron spin related coefficients
(5 of them were not measured before), is taking off at ILL
4 In future, BRAND could efficiently exploit the pulsed structure of ANNI beamline

at the ESS




BRAND Collaboration

= JU Krakow: K. Bodek!), D. Rozpedzik, J. Zejma'), K. Lojek:
e- and p-detectors, front end electronics and DAQ, simulations

= INP PAS Krakow: A. Kozela', K. Pysz & Co.:
mechanical structure, vacuum window, MWDC tracker, Mott target,
Slow Control

= |ILL Grenoble: T. Soldner:
polarized CN beam and infrastructure, vacuum

= KU Leuven: N. Severijns!), L. De Keukeleere:
guiding magnetic field

= NCSU Raleigh: A. Young, J. Choi:
pe-converter film
1) Members of nTRV@PSI

7/ -
' UNIVERSITY
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Two PhD open positions at JU
for BRAND!







