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Qutline

J Why study the free neutron?

d EFT — “communication protocol” between “ENERGY”
and “PRECISION’ frontiers

J Neutron 3-decay in SM

J Precision SM parameters V  and 4
J Search for BSM with neutron 3-decay
J ANNI beamline

J Summary
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Why study the free neutron?

J Main goal of Particle Physics:
Establish consistent picture of Nature’s fundamental interactions

= High Energy PP:

(14 29
o Operates at TeV scale (102 eV) = study of 2" (s, ¢, u, v,) and ENERGY front
3 (b, t, 1, v,) particle families

= Low Energy PP (e.g. with slow neutrons):
o Operates at neV scale (10° eV) = study of 1%t (u, d, e, v,) particle family
o Reveals respectable sensitivity:

— Energy: AE/E ~ 10111013 (AE ~ 10-23 eV) “PRECISION
— Momentum: Ap/p ~ 10-10:10-M (intensity) front”
— Spin polarization: As/s ~ 107

» 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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EFT approach in 3-decay

N
Energy
[ For experiments at energy significantly lower than BSM “ PN y A
scale (A;): DN i B
1 1
L= Lot R b~ Lt 55 200" § !
O, © — dimension-6 operators S\NW< g M
a; — Wilson coefficients a, =A’f; (s> Mysu ) g h
o(M) O(M?,E*,ME
Observables for E << A: R=R,| 1+ (A )+ ( A )+}
1 Energy
[ Semi-leptonic processes, partonic level, exchanged W-boson is heavy . w | ~100Gev
— SM interaction Lagrangian takes the contact (V-A)x(V-A) form
GrVud _ _ @
E’SM = —W E’yp(l — ")’5)1/,3 . uﬂ)ﬂ”(l — 75)(1 X - ~1GeV
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EFT approach in B-decay (cont.)

J Model independent EFT parameters

V. Cirigliano et al., Nucl. Phys. B 830 (2010)

T. Bhattacharya et al., Phys. Rev. D 85 (2012)

V. Cirigliano et al., JHEP 1302 (2013)

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

M. Gonzalez-Alonso et al., Phys. Rev. Lett. 112 (2014)

+ 0+

. Validalsofor m — @we v

J Low-energy simplifications:
= Neglect RH neutrinos: €1, rs.pr =0

= Pseudo-scalar contribution
(non-relativistic limit): ep=20

—Gf/g”d [ (1 +e€r) evu(l —s)ve - uy" (1 — v5)d

™~

@

==}
I

ér|evu(l +s)ve - (1 — v5)d

€r| evu(1 — y5)ve - @y (1 +75)d

€r| evu(L + 5)ve - uy* (1 + v5)d

es|e(l —s5)ve-ud + Es €(1+ vs5)ve - ud

— |ep| (1 —v5)ve - uysd — €p €(1 + v5)ve - uysd
er o, (1 — vs5)ve - uo™ (1 — 7y5)d

ér|eopw (1 + v5)ve - o™ (1 + v5)d] + hec. .

™~

G pVud
V2
X {Evu(1 = y5)ve - U [L = (1 — 2¢p) y5] d
+ es e(1 —~s5)ve - ud
+ er €0,,(1 — v5)ve - U™ (1 — 5)d} + h.c.
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Wilson coefficients
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Nucleon-level effective couplings

O Recent global fits to constrain Wilson coefficients:

Falkowski, Gonzalez-Alonso, Naviliat-Cuncic, "Comprehensive analysis of beta decays within and

beyond the Standard Model”, J. High Energ. Phys. 2021, 126 (2021), arXiv:2010.13797

1 Effective nucleon-level couplings can be expressed in parton-level parameters:

[ Form factors are the key ingredients for translation of hadron-level coupling constants to parton-

level parameters

gy (1+¢€; +er+ € +€R)
gv (1 +er +er— €L —€R)
—ga(l+€r —€r — €L + €R)
—ga(l+€L —€gp+ €L —¢€r)

gs (€5 + €s)
(65 €s)
p (ep —ép)
gp (ep +€p)
4gr (e + €r)

4gr (er — €7)
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Neutron B-decay in Standard Model

 Neutron B decay can establish only 2 SM parameters:

G Ty V. — CKM matrix element
H:_FV;;d b j/ﬂ(l‘l‘i]/s)‘F : O-/qu n e}/ﬂ(l_ys)ve _8a . .
\/5 > A =22 _ axial-to-vector coupling
8v constant ratio

J Can be extracted from:

= Neutron lifetime (total decay rate):

f — phase space factor

2 dp — radiative correction (model independent)
V 1+, )(1+A, )(1+34° R P
”"T| f( R )( R )( ) Ag — radiative correction (model dependent)

2.2

-1 _ GFme
z;l - 3
27

= /1 (independently) from Correlation coefficients (parametrization of the differential decay rate):

_ 5099.34 s 1z
ud — \ 7, (1 +3A2)(1 + Ag)
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Neutron 3-decay correlations

d For decay of polarlzed neutrons (polanzahon (J)/J ):

AT aP e, f+<>A +Bq+DL><i ¥
dEgdﬂedQU E, E, E, E, . E, E, p — electron momentum
+ G- GLv%HiHrK ;p P11, 2 ><;q +N<—) ; a
| £ B, EdAm E,E, Lk, k] o — electron spin sensing
e R Y rection
+0Q—b <);-p+R<>x;p+s.<>p-;q+T p (1) q
" m, J; ECUR CUERECETE
1 E,J Ee_ EU: J ; E—|—m J E E

J.D. Jackson et al., Phys. Rev. 106, 517 (1957); J.D. Jackson et al., Nucl. Phys. 4, 206 (1957); M.E. Ebel et al., Nucl. Phys. 4, 213 (1957)

d Coefficients a, b, ..., W are functions of A (and notof V)
O Including proton polarization, there are 51 correlations (c.-Y. Seng, Phys. Rev. D 109, 073007 (2024))

d Form highly over-constrained system of observables ideal for reliable consistency checks)
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CKM Unitarity

4 V,,is highly important; departure from the SM value
suggest physics BSM

|Vud|2 + |VuS|2+|Vub|2: 1+ BSM

O At precision of 10 covers the scale of BSM up to
10 TeV. Presently:

|Vud|2 + |Vus|2+|Vub|2: 0-9985(5) *1

Vi © = 0.97402(13)gheory (20)2(35)

Neutron lifetime[s]
2
T

875—

T R R R R R R
1995 2000 005 2010 2015 2020 2025

¢ Beam method
= Bottle method
I J-PARC

Year

T T T T
0.977 'N. Fomin, PSI2025
0.976 [
0.975 :— Vis» CIKM unitarity
AN/ 4 /
A /7 /
0974

Cirigliano et al., Phys. Rev. D 108, 053003 (2023)
Q Why not enter 10-° regime ?

U Presently, correlations are limiting !

Vud

0.973

0.972

0.971
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E. importance of the neutron

if current best values for lifetime and A = ga/gy (from beta asymmetry) are used,
V.4 Value from neutron has similar precision as from pure Fermi decays!

o+ — 0O+ Neutron Mirror Pion
E® 025 “* T . =
o
e
= 0.20 - |- - F — -
(2-]
-
< 0.15 4 - — =
=5
£ 0.0 14 F a . s
=
b
w
= 005 — —
0.00

M Experiment B Radiative : Nuclear s

This is within reach in the coming 5 to 10 years !

See the many talks on the neutron half-life and a- and A-correlation parameters !!
and e.g. D. Dubbers, B. Markisch, Ann. Rev. Nucl. Part. Sci. 71 (2021) 139

KU LEUVEN

N.Severijns - PSI2025 7-13 Sept. 2025
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(Courtesy of B. Maerkisch)

Neutron -decay correlations

L Two approaches:
= (A) Phase space integrating, electric and magnetic filters (strong magnetic field)
= (B) Event-by-event decay kinematics reconstruction (very weak magnetic field)

O From class A experiments, for immediate implementation on the ANNI beamline at ESS are:

PERKEO llI
Beta-Asymmetry A
Fierz-Term b
Proton-Asymmetry C

PERC
Beta-Asymmetry A
Fierz-Term b
(Proton-Asymmetry C)

O Evolution of ongoing research. Existing instruments.
O Profit from time-structure. Require highest neutron polarization and lowest backgrounds.
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PERKEOQ lll: Proton Asymmetry C

Detection concept: Coincident detection of electron and proton with integrated proton energy

determination:
roton photomultiplier
oV ov e i tubes
conversion foil
| — |
[ ]
from neutron I 11 .
N
11 5
I | 1 magneticfield
[ A
it filt accel. potential scintillator with
proon energy tiier - 20 kV conductive coating

0Vto+1kV

Demonstration of this concept at ILL in 2014/15
with O(1%) precision.

Theses C. Roick (TUM), L. Raffelt (TUM/HD), M. Klopf (TUW),
A. Hollering (TUM)

With conversion foils of the required size developed at NCSU,
the currently only published result by PERKEO II could be
improved at ESS by an order of magnitude.

a |
——= = xc(A+B)

A. Serebrov et al., Phys. Part. Nucl. Lett. 22,
229-235 (2025)

(Courtesy of B. Maerkisch)

appG
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Latest analysis indicates the existence of right-handed

currents (and possibly scalar and tensor interactions).
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(Courtesy of B. Maerkisch)

PERC: Phase Space Integration

PERC s asymmetric layout with magnetic filter improves systematics
Strong field ensures high phase space density, small detector size, excellent S/B
Observable decay rate enhanced by two orders of magnitude: length and decay inside neutron guide

active

e,p-beam . . ) magnetic filter detector
stop active volume in n-guide
' Secondary
\ ‘ / : spectrometer
\ (User)
v B,=05-15T, B,=3-6T B,upto 1T
Qﬂ;ﬂ'“a' decay volume in non-depolarizing neutron guide, length 8m Filter limits solid angle of e/p

Separate e/p from neutrons

Phase space cut:

magnetic field influence Electron backscatter strongly Main detector shielded from background
asymmetfyl.ﬂ_«l S Suppressed height shle\dlng

i — y JI guide

=1 /Y . detector neutrons d tect

1 \ Working point of PERC neutron absorber elector
. 1 B, B, B, + shielding

) PERKEO with single detector

! 2 ? B : Dubbers et al., Nucl. Instr. Meth. A 596, 238-247 (2008)

magnetic filter field B,/ B,
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BRAND - exploring transverse polarization of electrons

O If only transverse electron polarization can be observed:

d*T P q 1 (J) P q p q
I | i De . AT/ xr i S
dQ) ,dQ, +aEe £, +bEe+ J AEQ—FBEV—'_DEQXEV
NC STATE
. | P q <J ) <J ) P ER
+ 0, HE +LEE><E]+N—+R—><E€
JleI)p 4 a ) »p q <J>}
+0‘l$JEe E,,+UE,,J E+VE,,XJ

-

O All correlation coefficients can be expressed as H  +0.0609 0 -0.1714  +0.2762
combinations of real and imaginary parts of exotic ‘ S I B I e
. N +0.0681 0 -0.2176 +0.3348 0 0
(Scalar and tensor) CoupllngS: R 0 +0.0005 0 0 -0.2176  +0.3348
s 0 -0.0018 +0.2176 -0.2176 0 0
X =X, + Xpg +Cpos ReS +cp r Rel +c,_ ImS§+c, . ImT v 0 0 02176 +0.2176 0 0
V 0 0 0 0 -0.2176  +0.2172

C, +Cy' c. +C,'
S="s"=s T-= % s Cras® Crer s Crms o — functions of A = C,/C, and kinematical quantities
¥V A
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BRAND - exploring transverse polarization of electrons

_.e-detectors

O Class B experiment (Low magnetic field, event-by-event
kinematics reconstruction):

= Complementary to phase space integrating experiments
using charged decay product separators (PERKEO, PERC,...)

= Measure decay electrons, protons and e-p coincidences _ i .
= Electron tracking in hexagonal, low Z, low pressure MWDC " : e

= p-e conversion followed by secondary e detection in plastic
scintillator (ToF, position)

., i
e
- e
g= i

= Reconstruction of electron and proton momenta LS T e comenter

= Decay vertex reconstruction T potential coge

= Electron spin analysis by Mott scattering (vertex reconstruction) " :
T 10 kev 0 a
= ' Pb 50 — Analyzing power caused by ep
c I T e o b 02k spin-orbit force a
s 1% i ! e S — Parity and time reversal T
o | 1 0o —0are conserving 1 o
g 10% 1400 -0.4 (electromagnetic process) —
3 i = R —05 —  Sensitive exclusively to .

oL ] ! 700 _osl ‘ the transverse polarization e
00 120 140 160 T 100 120 140 160

19 19‘ Electron kinetis energy (ke
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BRAND - exploring transverse polarization of electrons

L BRAND will focus on the transverse
electron polarization related coefficients
H L NR S UYV.

 Simultaneously, will measure with high
statistics “classical” coefficients a, A, B, D
(Fierz term b will be accessible, too).

O Gradual improvement of experimental
accuracy (statistical & systematic
uncertainty):

dia ~¥1.5m

4x102 — 2x103 — 1x103 —  H/x10™

nTRV (PSI) BRANDI BRAND II BRAND III
(ILL) (ILL) (ESS)

O Demonstration phase at ILL — ongoing
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BRAND - exploring transverse polarization of electrons

[ Cold neutron beam requirements: \

Intensive (high flux density leading to at least 5x10* decays/s/m in fiducial volume)
Maximum fiducial volume: 6x6x200 cm?

Highly parallel (low divergence) p—
Highly polarized (P > 99.5%)
Pulsed

Low background

 Assuming 5x10% decays/s in fiducial volume and 2 years of data taking:

10'2 direct electrons (coefficient A)

3x10"" protons in coincidence with direct electrons (coefficients a, B, D)

3x108 Mott scattered electrons (coefficient N, R)

108 Mott protons in coincidence with Mott-scattered electrons (coefficients H, L, S, U, V)
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Basic requirements for precision neutron -decay experiments

[ In a cold neutron beam, only about 106 neutrons decay per second over 1 m flight path;
Specific acceptance of an experiment may reduce this by 1-2 orders of magnitude.

 All other beam neutrons are potential source of background.
O Low background beam line design is the must.

U Pulsed beams are essential:

= |n PERKEDO Ill and PERC, the pulsed neutron beam eliminates or controls leading sources of systematic
errors like (i) edge effects, (ii) magnetic mirror effect, (iii) separation of signal and background in time.

= |In BRAND, a pulsed beam is vital to exclude the direct gamma-induced background radiation.

O Neutron polarization analysis:

= Precision -decay experiments require highest possible polarization; at the envisaged precision level of
O(10), a 1% deviation from 1 leads to a O(103) & correction.

= Polarizer with 99.7% polarization (A. K. Petoukhov, et al., Rev. Sci. Instrum. 94 (2): 023304 (2023)).
= Polarization analysis with O(10-°) precision (C. Klauser, et al., J. Phys.: Conf. Ser. 340, 012011 (2012)).

= Neutron guide with O(10-°) spin preservation (J. M. Gémez-Guzman, et al., Nucl. Instr. Meth. A 1080, 170795 (2025),
arXiv:2503.22561)
(B. Maerkisch & KB)
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ANNI — A pulsed cold neutron beam facility for particle physics at the ESS

T. Soldner, H. Abele, G. Konrad, B. Markisch, F. Piegsa, U. Schmidt, C. Theroine, P. Torres Sanchez: EPJ Web Conf. 219, 10003 (2019)

Target monolith Guide bunker Beam preparation |[Experimental
o e Element Dist Rad Len X-section NOC m valug Y it
e (m] [m] [m] [em?] mrad]  [A]
ee 2  R270m E;’;fi‘;i'nzg’ bender Antitrumpet Trumpet 20 oo 36 9x6-—13x6 1 LR35 TB:30
Moderstar rompet JE%I’T_ Swight | 56 oo 09 13x6 I 30
Bender 1 Shutter R 84 m Bender | 65 20 80 13x6 2 LRT:30,B:35 147 244
, Straight 2 145 o 04 13x6 2 30
<2m
- 5.6 m Bender2orPo- 65 -84 25 13%6 6 LRB:30.T:35 147 244
o= m larizing bender
T Antirumpet 174 oo 46 13x6—11x7 1 LR35 TB:30
.Side view of the ANNI beam line (schematic). The vertical scale is stretched by a factor of 4 for better readability.
Simulated
3x101° - . . 6x107 T
O Expected performance (avr. over 11x7 cm?) i ] 2 -
§ x0T e i’ 1 ”E 5x109 | / \
= Full spectrum capture flux density: E w0 A ol |\
2.5x101° n/(cm?s) 0 ':;-"‘*‘“‘f’"{;\;\ S
L 70 7 - . \
= Polarization losses: < saoy f ¥ A\ 4‘ \\
. . B ax1010 - I ;' . Tis €
o Moderate polarization: factor 2 gl A v L gt 1
. . . )__“f’\f_/ , , M e ] S R T e
o Highest polarization: factor 4 PP ST 4 & s 10 12 1 16

Angle [mrzd]



Neutron decay correlation coefficients at ANNI beamline —

100 days at 5 MW ESS power
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projected sensitivity

Siatistical
uncerininiy
{Lar)
Proposed @ ANNI
experiment Measurement Quantity Last mensured Current value [ linit | 1M days|
iy ptet v,
epin A Beta asymmetry Perkio HI@PF 1B 1276] (L1985 £ 0.00017 + 0.00012 11073
e C Protoin asymmetry Purkpo [I@PFID [316] 02377 £0.0010 £ 0.0024 Ix 1074
© Ve comelation aSPECT@PFIB [278] 0.10430 + 000084 1% 10
epfn “ from p recoil spectrum T : = *
Fierz interference 4
epyn b s oty agmmatzy Perkeo @ PFIB [277] (L017 + 0.020 + 0.003 6 10
. Fierz inierference UCNA@UCN-LANL 0.0 4
CRES b from beta spectrun ﬁ] 0067 :[I.T[Ijﬂ_m1 110
¥ Cormelall
BRAND a e ComERTON “CORN@NG-C 127 010758 £0.00136 £ 000148 | Sx10°
from e- p correlation
BRAND B Neutrino asymimetry Purkio H@PFIR [115] 09802 + 00034 + 00036 Sx 108
BRAND D Triple correlation £2 emiT@NG-ﬁml (—0.94 + 1.H9 £0.97) % 107! Sx 107
BRAND R Triple correlation X ||TRVE?FUNSPIN@| (4 1245 = 1r* 1% 10
BRAND N -7y Comelation W TRV@FUNSPIN [299] L067 + 0.001 + 0004 1% 1072
Ol latrons
BRAND | ML S, UV b unmeasured unmeasured 1% 107
mg iFe L

Physics Reports, Vol. 1023, (2023) 1-84
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Summary

J World-leading neutron 3-decay program proposed for ESS including:
= Nucleon axial coupling with a precision entering level 10-°.
= V,,and CKM unitarity test.
= New effective BSM couplings (scalar, tensor, RH currents ...)

J Evolution of existing and in construction instruments (PERKEO lll, PERC,
BRAND...).

J No compromise on the dedicated beam line should be undertaken;
further optimization of ANNI proposal is possible:
= World-leading intensity in a pulsed beam with low divergence.
= Excellent background conditions.
= Highly polarized beam.
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Backup slides
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BRAND - exploring transverse polarization of electrons

U Benefits from pulsed cold neutron beam & space requirements: b
» Pulsed operation (time-of-flight) provides additional means for controlling and suppressing e

backgrounds (mainly upstream gamma)
= Complete experiment including auxiliary equipment and a distant beam stop

(at least 4 m away from detectors) can be accommodated in a 10 m long beam section. N STATE
LUNIVEREITY
. . Chopper Shielding X
00 U £ electronies Qv [ -
29 © 2 = T, S )

———————
.........
--------
---------
-------
________
..........

______
.........
--------

perimental area

Area for preparation
and commissioning

Violet: PERC contour

8.5m

22 m
< 26 m wla 25 m 23

EPJ Web of Conferences 219, 10003 (2019)



