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“The Existence of a Neutron”, J. Chaclwick, 1952

1896 Becquerel: Radioactivity

1897 Thompson: electron

1898 Rutherford: alpha rays & beta rays

1900 Villard: gamma rays

1902 Kaufmann: beta rays = electrons

1907 Royds/Rutherford: alpha rays = He ions

1913 Soddy/Fajans: isotopes

1913 Bohr Model

1914 Rutherford / Andrade: gamma rays = E&M radiation
1908 — 1913 Geiger/Marsden: Rutherford Gold Foil

1917 Rutherford: proton

1921 Harkins: “neutron” (proton/electron composite)

1930 Bothe/Giessen: penetrating radiation from o + Be/B/Li
1932 Joliot-Curie/Joliot: penetrating radion + parafin = 5 MeV protons
1932 Chadwick: neutron




R.L. Workman et al. (Particle Data Group), Prog.Theor.Exp.Phys. 2022, 083C01 (R022) and 2023 update
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R.L. Workman et al. (Particle Data Group), Prog.Theor.Exp.Phys. 2022, 083C01 (2022) and 2023 update
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Neutrons

E : — Condensed Matter Physics

Neutral... good penetration into matter
Neutral... harder to detect
. Interact via nuclear forces...
Fundamental PhySICS Nuclei are 100,000 times smaller than

separation... far-field dominates
Only weakly scattered... statistics limited

Particle PhySiCS / CO Smolo gy Must work hard to get large fluxes

Nuclear Physics +—

290K 20K
AN AN - {.
Thermal Neutrons > Cold Neutrons -
e
0.025¢V ~1meV <340nel o Ve
U 22x10°7/ AN S A <87
S l <3mK
Liquid 4He (T < 0.5K)
X-rays: 0.1 A- 100 A Solid D, (T < 5K)
visible photons: 3900 A- 7500 A
Designation Energy [eV] Speed [m/s] Wavelength [A]
Fast 100 x 103 - 10 x 10° 437 x 10° - 4.37 x 107 | 9.05 x 1074 -9.05 x 107>
Slow ~1x 103 ~ 4.37 x 10° ~ 9.05 x 1073
Epithermal ~1 ~ 1.38 x 10* ~ 0.286
Hot 100 x 1073 -500 x 1073 | 4.37 x 103 - 9.77 x 103 0.905 - 0.405
Thermal 10 x 1073-100 x 103 | 1.38 x 103 - 4.37 x 10° 2.86 - 0.905
Cold 0.1 x1073-10x 1073 138 - 1.38 x 103 28.62 - 2.86
Ultracold < 400 x 102 < 8.74 > 452.5




Fundamental Phgsics

Can’t predict the production of light elements in the early universe.

Big Bang Nucleosynthesis

Doesn’t explain why there is so little antimatter.

Baryogenesis and CP violation 8

Requires ad hoc inputs.

Neutrino mass

Particle masses and couplings
Parity Violation

Hierarchy problem

Doesn’t explain a lot of what seems to make up the universe.

HISTORY OF THE UNIVERSE
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Chien-Yeah Seng, DNP 2021



Fundamental Phgsics

1 1
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(p/c)? — M? M? > (p/c)? M?
direct production precision

We are entering a “precision era”:

SM

> >

E > ELHc

Ken Mimasu, 2018 HEP Summer Solstice Meeting

Instead of “more energy”, we now want "more precision”.




Fundamental Phgsics
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Fundamental Phgsics

1 1
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direct production precision

We are entering a “precision era”:

SM

> >

E > ELHc

Ken Mimasu, 2018 HEP Summer Solstice Meeting

Instead of “more energy”, we now want "more precision”.




Fundamental Phgsics

1 1
> _
(p/c)? — M? M2 > (p/c)? M?2
direct production precision

A Race to find Anomalies

We hope for an experimental result that disagrees with the Standard Model, an anomaly.

We also look for puzzles: Two experiments that disagree, but shouldn’t.

The Standard Model Right Now

Experiment — Th :
| Experimen eory| < 01%

T'heory

{“Significance” Level
i Assuming the Standard Model is correct, chance
¢ the observation is a statistical fluctuation.

lo~1/10
| 30~ 1/1000 “Interesting” |
. Bo~1/4,000,000 “Discovery” |




Fundamental Phgsics

1 1
> _
(p/c)? — M? M2 > (p/c)? M?2
direct production precision: model independent tests (EFT)

Baryon Asymmetry
B and L conservation -
19
CKM Unitarity 10
Dark Matter :: :\,
Dark Energy 10° [ Exotic J
fat; Fermions 104
Intlation >
. 4 Lepto- S
Nature of the neutrino 10 [ LR J [ SUSY J [ Charged J [ quarks J S
- Higgs =
. Symmetric 88 -
Neutrino mass . 9 1073
Nature of the Higgs % 10 §
Nature of Gravity 5|, [ Standard g ,
. Q 10 Model |10~
New Interactions L g

QCD at Low Energy VA veA s T

Adapted from Gertrud Konrad and Vincenzo Cirigliano
o Problem




New physics is expected, but elusive. The field of fundamental neutron physics is
characterized by an exciting assortment of experiments and techniques.

https://www.jigidi.com/user/okieclem/

Cold Neutrons Decay Experiments

Ultracold Neutrons Non-Decay Experiments



B~Decag “Nuclear Phﬂsics”

K. Krane, Introductory Nuclear Physics
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B~Decag “Nuclear Phﬂsics”: SPectrum Shape

n—p+e —+ e
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K. Krane, Introductory Nuclear Physics
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B~Decag “Nuclear Phﬂsics”: SPectrum Shape

K. Krane, Introductory Nuclear Physics
N (Tp)
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B~Decag “Nuclear Phﬂsics”: SPectrum Shape

K. Krane, Introductory Nuclear Physics
N (Tp)
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B~Decag “Nuclear Phﬂsics”: SPectrum Shape

N (T)

K. Krane, Introductory Nuclear Physics

|

n——p+e

(Te)max = Q

|

- 17,

m, = 939.56 MeV
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m, ~ (0
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Fermi’s Golden Rule

(11 s 7
eiﬁ%? - iﬁ]?(;}I’blddel’l B2 = 22 + m2c
) = =1+
L3/2 h  VE?—(mc?)?  /(0.74 MeV)? — (0.511 MeV)?  0.54 MeV
. el q;bv* | iq 7 P = c = . = .
)= =5t p_ 0.54 MeV 0,008 f
Allowed h o (3 x10% m/s) (6.582 x 10722 MeV - s) '
5 Statistical Factor emsity of final stat Shape differences from (p,q) dependence. Unity in the Allowed approximation.
atistical Factor from density of final states
_ 2 2 / 12
N(p) = 55pres [P(Q = 1) F(Z'.p) IMpil* S(p,q)

Fermi Function accounts for distortion of the spectral shape due proton’s Coulomb potential.
(Use wave function for free particle in Coulomb potential for electron wave function.)



B-Decay “Nuclear Phﬂsics”: Kurie Plot

K. Krane, Introductory Nuclear Physics
N (Tp)
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K. Krane, Introductory Nuclear Physics



B-Decay “Nuclear Phﬂsics”: ft value

K. Krane, Introductory Nuclear Physics

n—p+e —+ e

m,, = 939.56 MeV
My, —m, = 1.29 MeV
me. = 0.51 MeV

m, ~ (0

N (T)
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l Allowed Approximation

Pmax
/O dp F(Z',p)p*(Q — T.)°




B-Decay “Nuclear Phﬂsics”: ft value

n—p+e —+ e

(Te)max = @

K. Krane, Introductory Nuclear Physics
N (Tp)
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fti/2 = 0.693 “Comparative Half-Lite”




B-Decay “Nuclear F’hﬂsics”: ft value

K. Krane, Introductory Nuclear Physics

N (Te)

|

|

(T,)

max

= Q

0T — 0" Superallowed ft-values

/Opm”dpﬂ PPA(Q — T.)’

pmax
d F Z/ 2 EmaX_Eve 2
| W FZ -

Decay ft (s)
10Cc -»19B 3100 + 31
140 - N 3092 + 4
¥Ne - !*F 3084 + 76
22Mg —»**Na 3014 + 78
26A1 - Mg 3081 + 4
26Gi —26A] 3052 + 51
30§ —»30p 3120 + 82
(1 -8 3087 + 9
¥Ar -34Cl 3101 + 20
BK - ¥Ar 3102 + 8
¥Ca »¥K 3145 + 138
28¢c »4Ca 3091 + 7
2T] -»48c 3275 + 1039
46y -4T4 3082 + 13
6 Cr sV 2834 + 657
YMn —»°Cr 3086 + 8

4 Co —»4Fe 3091 + 5
2Ga =% Zn 2549 + 1280

K. Krane, Introductory Nuclear Physics

“Superallowed” => Short lifetime

(100% nuclear wave function overlap)
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B~Decag “Nuclear Phﬂsics”: Gamow-Teller Loe/Yang 1956 (0 puarle

C. S. Wu, P-violation in 6°Co decay, 1957

ﬁ wp(xa Y, Z) — ¢(_$7 —Y, _Z)




B~Deca9 “Nuclear F’hﬂsics”: Gamow-Teller Loe/Yang 1956 (0 puarle

C. S. Wu, P-violation in 6°Co decay, 1957
_ P wp(xa Y, Z) — ¢(—$, —Y, _Z)
Jp=J,+ (Le+L,)+ (Se + 5,) =

f Spin Direction f Momentum Direction Allowe d ﬁ-de Cay

eI s

n p € % S A%

“Fierz Interference” quantum interference between these two affecting shape of 3 spectrum.
Gamow-Teller
---------- > + +

; i Cove Al =0,1 (no0—0)

n P € \Y



B~Deca9 “Nuclear F’hﬂsics”: Gamow-Teller Loe/Yang 1956 (0 puarle

C. S. Wu, P-violation in 6°Co decay, 1957

O (Allowed Approximation) P %(w, Yy, z) = Y(—z,~y,—2)

Jo = Jp + (LeAT,) + (Se + S,) Pi= 7

f Spin Direction f Momentum Direction Allowe d ﬁ-de Cay

Fermi
""""" ol I - Al =0
“Fierz Interference” quantum interference between these two affecting shape of 3 spectrum.
Gamow-Teller
---------- > + +

; i Cove Al =0,1 (no0—0)

n P € \Y



B~Deca9 “Nuclear Phgsics”: Gamow-Teller PV —

C. S. Wu, P-violation in 6°Co decay, 1957

O (Allowed Approximation) P ¢p(xa Yy, z) = Y(—z,~y,—2)

Jn = Jp+ (LAT,) + (S. + S,) Pr=-5
PB=+5B
PS=+8

antum interference between these two affecting shape of 3 spectruim.

n

Superallowed 0+ —> 0+ is pure Fermi and has easy nuclear matrix element: M;; = v/2
For neutron decay (a mirror transition) M; F=1

Since the wave functions are the same, the isospin lowering operator is the only contribution to the nuclear matrix element. (“Isobaric Analog States”)

1 n 1 T
I?Ep):+§ I ):_5 Iy = /I(I+1)—I3(I, £1)



B~Decag “Nuclear Phﬂsics”: Gamow-Teller

— —

Jn: p+(E€_|_EV)_|_(S€_|_SV)

f Spin Direction f Momentum Direction Allowe d ﬁ- de C ay

Fermi
""""" ol I - Al =0
e Y, € v
“Fierz Interference” quantum interference between these two affecting shape of 3 spectrum.
Gamow-Teller
---------- > + +

" : v Al =0,1 (no0—0)

n p

g°|M¢i|*? — gp|Mp|* + g&r|Mar|?

|

determined by 0+ —> 0+ superallowed decays




B-Decay “Nuclear Phﬂsics”: CVC

— — — — — —

Jp=dJp + (Le + L,) + (Se +5))

f Spin Direction ? Momentum Direction

Allowed (3-decay

Al =0

“Fierz Interference” quantum interference between these two affecting shape of 3 spectrum.
Gamow-Teller
---------- > + +
n P € \Y e \Y -
Al =0,1 (no0—0)
Gamow-Teller 0" — 0" Superallowed ft-values
-------- > + Decay ft (s)
°C -'°B 3100 + 31
n p € v 140 1N 3092 + 4
"¥Ne —!*F 3084 + 76
2Mg —*Na 3014 + 78
2 2 2 2 2 2 Al »**Mg 3081 + 4
2 ‘/i . —) [ ‘/i { ‘/i 2687 — 2041 3052 + 51
g | f/l" gF‘ F‘ _I_ gGT‘ GT| 05 -»30p 3120182
MCl Mg 3087 + 9
MAr -¥Ql 3101 + 20
WK —¥Ar 3102 + 8
o o ° 38Ca SBK 3145 + 138
Conserved Vector Current (CVC): Fermi interaction ase ~ca el
2Ti 548¢ 3275 + 1039
unaffected by the nuclear environment. en oy w515
Mn —Cr 3086 + 8
4Co —»*Fe 3091 + 5

62 Ga —>"2Zn

2549 + 1280




