Studies of fundamental
Interactions with slow neutrons

NuPECCMeeting, Warsaw 2019

Kazimierz Bodek
Marian Smoluchowski Institute of Physics, Jagiellonian University in Krak- w




K. Bodek, "Studies of fundamental interactions with slow neutrons "

Outline:

C Why study the neutron?
C Neutron b-decay in SM
C Search for BSMphysics with neutron b-decay

CEFTiAcommuni cati on prENERGEOI| O
and®PRECISION o0 frontiers

C Neutron Electric Dipole Moment
C Other hot issues with neutrons
C Other related projects

C Summary and outlook
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Why study the free neutron?

C Main goal of Particle Physics

Establish consi st e fubhdanpgemntat t u
Interactions

A High Energy PP NENERGY fr ol
0 Operates atTeV scale(102eV)
Y study of 2" (s, ¢c,mn, ) and 34 (b, t, t, n,) particle families
A Low Energy PP (e.g. with neutrons) ; APRECI S
0 Operates atneV scale (10° e - :
P Y study of 1st (u(, d, e,\r/1)e) particle family (intensity) _
0 Reveals respectable sensitivity: frontile
i Energy: DE/E ~101t 1013 (DE ~1022eV)
i Momentum: Dp/p ~1010. 1011
i Spin polarization: Ds/s ~ 107
A 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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Neutrons: cold (CN) and ultna-cold (UCN)

C Cold neutrons Elgr']\' ~5meV, v ~1 km/s
C Ultra -cold neutrons 1 can be A A
stored in material or magnetic traps Ekin < VF I © mglh
20h Vi Fermi pseudo-potential,
Ve = P ——DN b i scattering length,
m N T number density

A V(Be) 3 E.,=252neV, A vUCN <8 m/s,

A mB(1T) 2 E,,= 60neV, A TUCN <4 mK,

A mgh(Im) & E,, =100 neV A /YCN > 50 nm

C UCN production via moderation of CN
A Earth gravitational field and/or scattering from turbine blades (ILL)
A Super-thermal process e.g. in solid D, (PSI, LANL, GUM) or super-fluid He
(ILL; in development)
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UCN spallation source at PSI'. o/""""""”'
-~ o

DLC coated 4
UCN storage volume
height 2.5 m, ~ 2 m3

\

heavy water moderator
— thermal neutrons
3.6m3 D0

pulsed

1.3 MW p-beam =
600 MeV, 2.4 mA,
1% duty cycle v

./ =S = 300K D,0 or H,0
© © ® [#] 25 meV

cold UCN-converter
30 dm3 solid D, at 5 K

spallation target (Pb/Zr)
(~ 8 neutrons/proton)
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R&D for UCN source at PSI

1. F. Atchison, et al., NIMA 587 (2008) 82,
Surface characterization of diamond -like carbon for ultracold neutron storage .
2. F. Atchison, et al., PRL 99 (2007) 262502,
Cold neutron energy dependent production of ultracold neutrons in solid deuterium .
3. F. Atchison, et al., NIMB 260 (2007) 647,
Measurement of the Fermi potential of diamond -like carbon and other materials .
4. S.Heule, et al., Appl. Surf. Sc. 253  (2007) 8245,
Diamond -like carbon coated ultracold neutron guides.
5. F. Atchison, et al., Diamond and Rel. Mat. 16 (2007) 334,
Structural characterization of diamond -like carbon films for ultracold neutron applications .
6. F. Atchison. Et al.,, PRC 74 (2006) 055501,
Storage of ultracold neutrons in a volume coated with diamonlike carbon.
7. F. Atchison, et al., PRB 642 (2006) 24,
Diamondlike carbon can replace beryllium in physics with ultracold neutrons.
8. F. Atchison, et al., PRL 95 (2005) 182502,
Measured total cross sections of slow neutrons scattered by solid deuterium and
implications for ultra -cold neutron sources.
9. F. Atchison, et al., NIMA 552 (2005) 513,

The simulation of ultracold neutron experiments using GEANT4. C Contribution of Polish
10. T. Brys, et al., NIMA 554  (2005) 527, . .
Magnetic field stabilization for magnetically shielded volumes by external field coils . Institutions were
11. T. Brys, et al., NIMA 550 (2005) 637,
A novel apparatus for the investigation of material properties for the storage of Supported by grants
ultracold neutrons. from:

12. F. Atchison, et al., PRL 94 (2005) 212502,

Measured total cross sections of slow neutrons scattered by gaseous and liquid D2. A KBN

13. F. Atchison, et al., PRC 71 (2005) 054601, A MNiSW
Production of ultra -cold neutrons from a cold neutron beam on a D2 target . )

14. K. Bodek, et al.,NIMA 533 , 491 (2004), A NCN
An apparatus for the investigation of solid D2 with respect to ultra -cold neutron sources. .

15. F. Atchison, et al., PRB 68 , 094114 (2003), A POLONIUM

Ortho-para equilibrium in a liquid D2 neutron moderator under irradiation
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Neutrom b-decay
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Neutrom b-decay in Standard Model

C Only 2 SM parameters establish neutron b decay ;
=%y, plo, v g . o b m W 3 .
NP
\" i CKM matrix element
/1 9a i axial-to-vector coupling

Qv constant ratio

f T phase space factor
ds 7 radiative correction (model independent)
D, 1 radiative correction (model dependent)

C Can be extracted from:

A Neutron lifetime

2
= Gz;%‘ o T +e)(1 +P1 I3

A Angular distribution of decay products (correlation coefficients)



K. Bodek, "Studies of fundamental interactions with slow neutrons "

Neutrom b-decay cornrelations

C For decay of polarized neutrons of (polarization adJd):

dEeg;l;cny ';e Cé+bn|'§e )y, 'OE‘;LB'q|;+D£E;<i T
sl gtat eyt
+s-_Q Eeimf?' EE+R!<JJ>>< FI)EE+SE<JJ> pEe' q|;+T-pEe<J>J' qﬁ]
R R

p 7 electron momentum g1 neutrino momentum
s | electron spin sensing direction

C Coefficients a,b, W arefunctionsof /

J.D. Jackson et al., Phys. Rev. 106, 517 (1957);D. Jackson et al., Nucl. Phys. 4, 206 (1957);
M.E. Ebel et al., Nucl. Phys. 4, 213 (1957)
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Neutrom b-decay conrelations worldwide:

Experiment Correlation and anticipated Location and status
precision

aSPECT a (33104 FRM-2 (ongoing)
aCORN a (53104 NIST (ongoing)
Nab/aBBa/PANDA a (~10%), b (3310%), A,B,C(~10%) SNS (planned)
emiT D (~104%) i measured NIST (completed)
PERC a, b, A(3310°),B,C,D (?) FRM-2 (construction)
PERKEO A (23104, B,C (23103 1 measured ILL (ongoing)
UCNA A (2.53103) LANL (ongoing)
UCNB B (<103) LANL (ongoing)
NTRV N, R (~10-%) - measured PSI (completed)
BRAND a,A,B,D,H,L,N,R,S U,V ILL (in preparation),

(~53104%) ESS (planned)

A

Major contribution from Polish researchers
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Neutrom lifetimecexpenimentss

C fin -beam o C mBottle 0
A Register rate of decay products A Measure change with time of
from well defined fiducial volume neutron ensemble confined in
with well determined fluence rate storage bottle
AN 1 N, _ )
dt ¢ N,
C Different kind of  systematic 895
effects

887.97 +2.04

890 ¢ {

885 +

A fin -beam olimited by
uncertainties of the decay
volume and the beamfluence

A fBottle osuffer from
disappearance channels
different than decay

Neutron lifetime (s)

L

879.42 £ 0.61 } {
.

{!

880 I

|
-
N _B

875 1 1 1 1 1
1990 1995 2000 2005 2010 2015 2020

C Beam vs. bottle t, tension
A BSM with heavy particles cannot explain it
A Light BSM (DM decays)? [Fornal & Grinstein, PRL 120 (2018)]

Year

/N~
e e
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CKM unitanityy - testing SM

édW 6 |\/u§ol \/us VubI dC
C Unitarity condition requires: .y % v: V.V, S%
2 2 2 0 Vcae Y o

‘Vud‘ +‘Vus‘ .Vub‘ E QEW = g MVt th

C V,issmall (V= 3.6(7)%103) so the unitarity testinvolves essentially
only V 4 and V

A. Serebrov (2016)

0.980 T T P S| R R YRR
C V4 from: 0.978.-
A Nuclear super -allowed b-decays: S s ' .
sophisticated nuclear structure s
calculations, some problems with Garer
0.975 '
. Q_Value$ . Vid 0,974 41 SE
A From pion b-decay : theoretically ST *
cleanest, statistically not competitive .
A From neutron b-decay : R
theoretically clean 0.970 L
1. Neutron decay 0.969-
2. Neutron b-asymmetry A (PERKEO lI) 0968. G s R T G i
3. Neutron b-decay (PDG 2015 + PERKEO II)  1.2661.268 1.2701.272 1.274 1.276 1.278 1.280 1.282
4, Unitarity g =G /G
5. 0*- 0*nuclear transitions A TTATY
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CKM unitanityy - testing SM

édW 6 |\/u§ol \/us VubI dC
C Unitarity condition requires: .y % v: V.V, S%
2 2 2 0 Vcae Y o

‘Vud‘ +‘Vus‘ .Vub‘ E QEW = g MVt th

C V,issmall (V= 3.6(7)%103) so the unitarity testinvolves essentially

only V 4 and V

A. Serebrov(2016) PERKEO Il

0.980 T
C V4 from: 0979 |
A Nuclear super -allowed b-decays: 0-978<_
sophisticated nuclear structure s
calculations, some problems with g:: .

1 I . 1 v 1 v

Q-V&'UGS IV |

Bl 3

A From pion b-decay : theoretically
cleanest, statistically not competitive

A From neutron  b-decay :
theoretically clean

Neutron decay
Neutron b-asymmetry A (PERKEO II)

| A 1 i

1 1

Unitarity
0* - 07" nuclear transitions

agrONPE

0. i i
Neutron b-decay (PDG 2015 + PERKEO lI) 1.266 1.268 1.270M\272 ¥ 274 1.276 |1.278 1260 1.282

gA='GA/ Gv
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Transverse electron polarization
In neutron decay

C If only transverse electron polarization can be observed:

d3r

iaP g m P, .9, 1P d

dE,dQ d?, 1+a E, g_l_b Ee_l_ ] A Ee—I—B |,7:-+D Eex :
+Sh - Hi+L£xi+N<J>+R<J>X p]
O g a(d)p 9 (I

C All correlation coefficients can be expressed ascombinations  of
real and imaginary parts of exotic (scalar and tensor ) couplings:

[ X=Xy, Xy &esRES ¢ RIT ¢#INSS pnTﬂan]

S_GC+Cs T _CT+C|'|,

c, c Gess Gerr Gns» Gop  fUnctionsof/ G/ G and kinematical quantiti
A
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BRAND project

C Systematic exploration of electron spin dependent

correlations: H,LLN,R,S, U,V

Grounded vacuum window:
6 um Mylar, reinforced with
Kevlar fibers

Longitudinal neutron polarization,
Axial guiding field 8=0.1+0.5mT

Mott scattering foil

Plasticscintillator

,,,,, Grounded grid

p-e conversion foil
LiF {20nm) + Al (10nm) +
6F6F(100nm), -25 kV

He

“proton” detector

He/lsobutane MWDC, hexagonal, 6 layers

Principle of vertex reconstruction with
3-bodykinematics
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BRAND project

C Experimental methods:
A Measure e-p coincidences

A Electron tracking in hexagonal, low Z, low
pressure MWDC

A p-econversion in followed by e detection in
scintillator (ToF, position)

A Decay vertex reconstruction
A Electron spin analysis by Mott scattering
A Mott scattering vertex reconstruction

C Gradual improvement of experimental
accuracy (floor of systematic errors):

43103 - 23103 - 13103
nTRV BRAND | BRAND ||
(PSI) (ILL ) (ILL )

Ru’(ls)

002 4

5104 - ?
BRAND III
(ESS)
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BRAND Collaboratiom

C Presently BRAND collaboration consists of
A JU Krakow: K. Bodekd, D. Rozpedzik, J. ZejmaY, K. Lojek,
M. Perkowski, M. Kolodziej:
e- and p-detectors, front end electronics and DAQ, simulations
A INP PAS Krakow: A. Kozelab, K. Pysz& Co.:

mechanical structure, vacuum window, MWDC tracker, Mott target,
Slow Control

A IlLIL Grenoble: T. Soldner:
polarized CN beam and infrastructure, vacuum

A KU Leuven: N. SeverijnsY, L. De Keukeleere.:
guiding magnetic field

A NCSU Raleigh: A. Young:
pe-converter film

A é

1) Members of NnTRV@QPSI

BRAND phase -1 (ILL) funded by NCN (OPUS  -15)
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EFT approach in b-decay
C For experiments at energy significantly =rery

lower than BSM scale (,): >ww< >----< -
L

.1 1 ..
=L B4 B 3 830"

D, ®i dimension-6 operators < >< M
f\f\f\J

a1 Wilson coefficients @ = Ef; (Gasys Masu)

& o(M) O(M?E*ME)
Observables forkE << L: R=R,& + + > .
& L L
¢
C Semi-leptonic processes,partonic level, T Energy

exchanged W-boson is heavyi SM interaction ” ~100 GeV
Lagrangian takes the contact (V-A)3 (V-A) form >L” W<

GrVua _ B
Lsm = — I:/—z—d eYu(1l —¥5)ve - Uy (1 — 75)d

@ .
X ~1GeV
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LE-HE competitioni: CMS nesults

C Electrons and missing transverse energy (MET) channel
o(pp = e+ MET + X)

r

0.010F

0.005

-0.005F

-0.010¢c

CMS Preliminary
Y I Al

— W s ey Me2500 CaV .w_...v

LA B R e VT T Ty

.1 + jots
.DY =

-

500 1000 1500 2000

Jrarazom® Js=oTev
v Y Y T L 2
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— W v M=500 GeV
Oand L .l!onlogloloprc»uz
10
.DYon
.DIboooﬂ
- data “nuneﬂ.

=0.002 -0.001 0.000 0.001 0.002
Er

0R08)

2500
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4)!01: / )
5 m,n:: /
ulljl):
0002}
_()u)u:
00010 00005 00000 00005 00010
Eyr
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i P “Fubure
1
1
A i
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r 1
9}
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I 1
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1
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-0005+ | » fb
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i
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Bhattachuryn et al."2012

Nentron decay +

| [
| \ |
00064 * ) nuclear decays
I "l - |
R
|

LHC @ 14 TeV

0.02
LHC7,5 b
0.01
_ LHC8. 20!
= ) .5 -1
T 000 IO D
-0.01
-0.02
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M. GonzalezAlonso et al.,
Ann. Phys. 525 (2013),
180308732

Gupta et al.,

1806.09006
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Neutrom EDMI
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EDM of elementary particles

2L

CNot degenerated spin | part:i

A Spin is the reference direction for magnetic (77) and electric (d)
dipole moments
A Hamiltonians for interaction with magnetic and electric fields are

H,= € B mt BO®, d=E O
A dis T-odd and P-odd

A d .  0Y Tisviolated and CP is violated (through CPT theorem)

C SM predictions for d are:
d,=10e@m d =10%e €
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CP violation and permanent EDM

Pospelov& Ritz, Ann. Phys. 318 (2005) 119



