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Abstract

Neutron beta decay correlation coefficients are linearly sensitive to the exotic
scalar and tensor interactions that are not included in the Standard Model.
This nice feature can be, however, significantly suppressed or even completely
destroyed since experiments deliver these coefficients divided by the
expression containing the Fierz interference term b. Fortunately, the
transverse electron polarization related coefficients H, L, N, R, S U and V are
safe with that respect. The proposed experiment will measure simultaneously
11 neutron correlation coefficients (additionally a, A, B and D) where 5 of them
(H, L, S U, V) were never addressed before. Silicon pixel detectors are
considered as promising alternative to multi-wire gas chambers devoted for
electron tracking in the original setup. The expected sensitivity limits for g
and & EFT parameters describing the scalar and tensor contributions to be
extracted from the transverse electron polarization related coefficients H, L, N,
R, S U, Vwill be discussed. The proposed approach is complementary to other
projects aiming at the extraction of exotic couplings from beta spectrum
shape measurements or from beta-neutrino correlations.
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EFT approach in b-decay

C Semi-leptonic processes, partonic level, exchanged W-boson is heavy i
SM interaction Lagrangian takes the contact (V-A)x(V-A) form

GV _ _
Lsm = —% evu(l —5)ve - uy*(1 — 5)d

C Need for more precision (finiteness of W, radiativec or r ect i ons

C Low energy (<1 GeV) model independent EFT (W and BSM particles i
heavy)

GFViud
G)
ér eyu(l+ys5)ve - uy*(1 — 5)d
€r (1 —y5)ve -y (1 4+ 75)d

Leﬂ'

[ (L+e€r) evu(l —5)ve - uy*(1 —v5)d

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

T. Bhattacharya et al., Phys. Rev. D 85 (2012) = (1 + ik (1 + d
V. Cirigliano et al., JHEP 1302 (2013) €r eyl +5)ve - (14 5)

M. Gonzalez-Alonso et al., Ann. Phys. 525 (2013) €s e(l —75)ve-ud + €s e(l+7s5)ve - ud

M. Gonzalez-Alonso et al., Phys. Rev. Lett. 112 (2014) — €ep (1 —5)ve-uysd — €p €(1 + y5)ve - uysd
€T édpv(l - 75)1/6 : ﬁg“""(l - 75)(1

ér €0y (1 4 7v5)ve - uo™ (1 + v5)d] + h.c. .

+ + + +

- -

+ 0_+

C Valid also for 1=~ — m e v
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EFT approach in b-decay (cont.)

C Low-energy simplifications:
A RH neutrinosi €rL.rspT =0
A Pseudo-scalar contribution (non-relativistic limit) i €p = 0
r GrVud
eff — —

V2
x {€yu(1 = ys)ve - uy" [1 — (1 — 2€r) 5] d
+ es é(l —y5)ve - ud
+ er €0, (1 — ¥5)ve - uot” (1 — 5)d} + h.c.

[1+ Re(er + €r)] x

C If g, from experiment (Lattice QCD still not accurate):

1+4+€; —€R
1+¢€r +€r

ga — ga Re [ ] ~ ga [l — 2Re(eg)] + O (&)

C 6 parameters left for probing:
A €1 + €r T can be absorbed in V_, (CKM unitarity tests)
A Real parts of €g and €r

A Imaginary parts of €r ,€s and €T
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Nucleon-level effective couplings

C Lee-Yang effective Lagrangian (leading order, momentum transfer):

— Ly spe—z, = DN (CSEI/E — C‘:Sé%ue)
+ pyH'n (CVE')’;LVE - C{fé'}’#-'}’SVe) Ci, C; 0 € {V,A,5,T})
+ potn (CTEJ#UEUe — C}éc}rw%v&) C, — Gr Vo Cs
— Py s (Cayuysve — Caeyuve) ) V2o
+ pysn (Cpé"}’5£fe — C}:éue) + h.c. . (p|urd|n) = gr wprw“

C Effective nucleon-level couplings can be expressed in parton-level

paramete_rs. Cs = gs (es+és)
Cv = gv(l+eL+er+éL+¢ErR) Cs = gs (es—és)

E;/ = gv(1+EL+ER—gL—ER) aP — gpP (EP—EP)

Ca = —ga(l4eL—er—éL+¢R) Cp = gp (ep+ép)
6;1 = —ga(l+e€, —€g+ €L —€R) Cr = 4gr (ér + €7)
5} = 4gr (er — ép)

(; Form factors are the key ingredients in translation of hadron-level to
we_parton-level coupling constants
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Current (?) experimental limits from

Future !
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LE-HE competition

C Next generation neutron and nuclear b-decay experiments will compete
even with full luminosity LHC results

M. Gonzalez-Alonso et al., Ann. Phys. 525 (2013) Bhattacharya et al.’2012
0.02 eSS ——T] - : A T )0 ........
ow-energy future, dgd/gs = 0%
v 0.008} sy
i X Neutron decay +
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0.004 ik
= : |
>t 0.00 —* W  0.002} LHC & 14 #V 300 o'
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C The dream scenario would be that LHC finds a BSM particle on-shell
~and b-decay has to confirm it in observables (off-shell corrections)
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Limits from b-decay spectrum shape

C Crucial role is played by the b coefficient (Fierz term) i to be
extracted from the electron spectrum shape

Table VI. Overview of the features present in the 8 spectrum shape, and the effects incorporated into the Beta

Spectrum Generator Code.

Effect Formula
1 Phase space factor pW (Wo — W)
2 Neutrino mass negligible
3 Forbidden decays not incorporated
4 Traditional Fermi function
5 Finite size of the nucleus
6 Diffuse nuclear surface
7 Recoiling nucleus
3 Distorted Coulomb potential due to recoil
9 Radiative corrections
10 Atomic screening
11 Atomic exchange
12 Atomic mismatch
13 Shake-off negligible
14 Shake-up AFEr (Eq. 1|l
15 Shape factor C (Eq. (101))

L. Hayenet al.,Analytical Description of thé& Spectrum Shapieto be published
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Neutron b-decay correlations

C For b transition with vector polarization of parent aldJ (e.g. neutron

decay):

d’r P 4 .M <J>l P 4 ,~P G
~l+a——+b=2+ | A= +B—+D—x—

40,40, EE E J['E E E E
+8iGE+H 2 +Kk—L—E. 3 P, +N%‘

la_P rp<>q}
S T ETN T e IR E e JE
gl p a9 Q) p (Ip_q
SV T EVE T WErm 1|

P 1 electron momentum (1 neutrino momentum
S 1 electron spin sensing direction

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)
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Electron polarization in neutron b-decay

G g, a faP (R P AL S
dEd W, E\)J E.\/)3 ¥

J.D. Jackson et al., Phys. Rev. 106, 517 (1957)

Phys. Rev. Lett. 102, 172301 (2009)
Phys. Rev. C85 045501 (2012)

om the longitudinal electron polarization

onent contained in the plane parallel to the parent polarization

C R-coefficient can be obtained from the transverse electron polarization
component perpendicular to the plane spanned by the neutron polarization
and electron momentum
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Mott polarimetry

C Mott scattering:
I Analyzing power caused by spin-orbit force
I Parity and time reversal conserving (electromagnetic process)
I Sensitive exclusively to the transversal polarization

'_p—| 4_ N 0
. 10F Pbi | 2 Pb | |*
s P o 0.1
. [ I
c » 0.2
O o
£ - 200 -0.3 B
% et 1300 0.
3 ~4.|400 -0.
5 4 o
© . . S 200 ’
10 k& | I -0.6 | |
100 120 140 160 100 120 140 160
¥ 0
C In nuclear decays, Mott polarimetry was used also to determine
longitudinal electron polarization (after momentum rotation

In elctric field), e.g. J. van Klinken, Nucl. Phys. 75, 145 (1966).
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Transport of polarized electrons in matter
(multiple Coulomb scattering)

Scattering plane

Z= A;/|!.'L
y=F/IFR
r=yxz

= (kxk)/|kx K|

Polarized
Electron beam

do(9,6.E) 6. E)L - S(6.B) B i 5 [ﬁfHS}fHTﬁx[Jﬁx;fz]JrUmxﬁ]
dw 1+S P-n
1) = [fOF+1g0) F(0)]2 = |g(0)2
7)) =
O = FeET e
s — 110970 1" ©)(0)

NOEETGE e = f(ﬁ)fi(; ()9‘3) : g{ggm

F. Salvat, A. Jablonski, C. Powell, Comput. Phys.
ELSEPA Comm. 165 (2005) 157.
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Transverse electron polarization

C If only transverse electron polarization can be observed:

’r . _p M (I AP pd P, 9
G, Mg g D E AL B D
lwa . p a @ 0 p
+SAHEU+LEEXED+NJ+RJXEE|
le@p a ,adp 9. 0
+Sa _SJ E EV+UE, ; EE+VE, :

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

[ X=X, . &.ReS ¢ RAT ¢SS ¢ HnT ]

S_G+C4 T G +C
G Ca

Gess Gerr Gns» Gnp  FUNCtionsof/ G/ G and kinematical quantiti
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Transverse electron polarization

C Experimental correlation coefficients related to p, g, J and S are
deduced form rate asymmetries

- G o o
/A\Sngll + 2(.:; p B 'p! q - q-! U, - U
2

C Instead of X experiments deliver
-

~

>~(:X/[1‘|‘ b%] ~ Kmt )<|:SI+[8F§eS_ bres Xsnrt XFSI: Re <

‘i“ CéeT _CkF)QeT Xout XF3|“R9T+ C>I(rTS Im St Grr IM 7

- J

C May significantly decrease sensitivity to ReS, ReT
(e.g. coefficient BT complete cancellation in pure transitions)

¢ Cancellation effects are insignificant, if Xy + Xeg © O
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Sensitivity factors for scalar and tensor couplings
(leading order, no recoil, point charge)

o) | Fsi) | e | eRen) | cimS) | omm)

a -0.104793 0 -0.171405A  0.171405A -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
L 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 averageaver electron kinetic enerdy, = (200,783 keV
A (IC4*+|C §9)/2 instead oReS and(|C,[*+|C §2)/2 instead oReT, respectively

C Cancellation effects are insignificant for transverse electron
polarization related correlation coefficients Lt
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Impact of H, L, N, R, S, U, YV measurement
with anticipated accuracy of 53104
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C Constraints on real scalar
contributions dominated by:

A Super-allowed 0*- 0*
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Impact of H, L, N, R, S, U, V measurement
with anticipated accuracy of 5%10+

C Translated into EFT parameters
0.02 1 0.02

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

a) b) N
s

lUV: = Lk qu; E
b ol Y
¢ [ E°

-0.01 -0.01

-0.02 | -0.02 ST e bl o mil ) ol e e

20004 0.002_ 0 0002 0.004 -0.004 -0.002 0 0.002 0.004  -0.004 -0.002,, 0  0.002 0.004

Re(e,) Im(e ) €7l

C GOAL (AHEO approach)
Measure 11 correlation coefficients (a, A, B, D, H, L, N, R, S, U, andV )
In one setup

C Perform global analysis ‘ BRAND project
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Recoll order and electromagnetic
corrections

Anticipated accuracy of ~10-3 or better requires theoretical formulation
Including RO and EM corrections

No adequate RO correction exist for transverse electron polarization
related correlation coefficients

No adequate EM corrections exist for transverse electron polarization
related correlation coefficients i exceptions are old calculations for R
(1983) and L (1989)

Important ingredient of EM corrections is the proton charge radius

Efforts to remove the above deficiencies have just started

Probing Fundamental Symmetries with UCN, Mainz, 2016
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Option-1 - layout

CAHE experi ment al approacho:
A Particle tracking
A Vertex reconstruction

scintillator He, 0.2 - 0.3 bar

AN
A = 7 ; j

0.0 0.5 10m

Pb- foll

MWDC
(He+ isobutane , 0.2 - 0.3 bar) CN beam

Probing Fundamental Symmetries with UCN, Mainz, 2016
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With detection of electrons and recoil protonse.

Grounded vacuum window: 6 O m Longitudinal neutron polarization,
Mylar, reinforced with Kevlar fibers Axial guiding field B =0.1- 0.5 mT

Mott scattering foil

Plastic scintillator
MWPC, 1 layer

Grounded grid

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

[S. Hoedl et al., J. Appl. Phys. 99,
084904 (2006)]

MWDC, hexagonal, 5 layers

Probing Fundamental Symmetries with UCN, Mainz, 2016 22




Electron-proton kinematics
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x 10
15

Electron-proton kinematics

110

Proton time-of-flight (ns)
Proton time-of-flight (ns)

0
210 400 600 800 0 200 400 600 800
Electron kinetic energy (keV) 100 eV Proton kinetic energy (eV)

100 kevl 1
(200 keV for Mott scat.)

C Measured electron energy, reconstructed proton flight path and
measured proton time-of-flight must match !

C Constraints from 3-body kinematics will considerably reduce
coincidence time

With 10° decays per second: single rate (per wire) < 1 kHz
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Figure-of-Merit for Mott scattering

180

Electron energy
threshold

Polar Mott-scattering angle (deg)
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0 200 400 600 800
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Option-1 i experimental challenges

¢ Within:6 months long data taking:

A 31108 Mott scattered electrons (N, R)

A 108 protons in coincidence with Mott scattered electrons (4, L, S, U, /')
A 102 single electrons (A)

A 31101 e-p coincidences (a, B, D)

Intensive;cparallel and:highlycpolanized CN:beam (with well
known phase space)

p-e conversion foil (=2'm? imtotal:' 1)
[S. Hoedl et al., J. Appl. Phys. 99, 084904 (2006)]

Vacuum window (=3:mn? i~ segmented;supported withnmeéesh
structure e !)

Lowspressure  MWDC

QO €O O O
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Option-2 I layout

C ldea : replace MWDC with two layers of HV-MAPS

Mott scattering foil

Plastic scintillator

Grounded grid

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

Si pixel detector ( 25 mm)

All 4 intrinsic difficulties of Option -1 setup T relaxed
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Option-2 i detectors

C' General features of the experimental setup:
0 Axial polarimeter geometry (instead of planar)
A 0.5 m long beam acceptance
o Tracking of electrons
A 2 layers of HV Monolithic Active Pixel Sensors

o Detection of proton recoils (with Time-of-Flight registration)
A Detection in HV M onolithic Active Pixel Sensors

¢l Anticipated dimensions:

Length: ~30- 50 cm

Outer diameter: ~30 cm

Pixel detector diameter: ~15- 20 cm
0 Pixel size: 1003100 nmm?

¢l Feasible electron energy threshold:
o 150 keV for direct electrons
o 250 keV for Mott scattered electrons

© O O

Probing Fundamental Symmetries with UCN, Mainz, 2016
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Option 2 - detectors

C Progress in Si-pixel detectors:
A

A
A
A
A
A
A

HV-MAPS [I. Peric, P. Fischer et al., NIM A 582 (2007) 876 ]

High position resolution (pixels 20320 nm?)

Thickness 35 nm T can be thinned down to 25 nm (I. Peric, priv. comm.)
Small R/O bandwidth (active sensors), triggerless, LVDS link integrated
Low power dissipation T 7 m\/pixel

Low production costs (standard HV-CMOS process, 60-80 V) i 75 kd/m?
Mu3e Collaboration at PSI follows this track !

50 nm thick Si wafer
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Conclusions

C Currently, neutron and nuclear b-decay correlation experiments deliver constrains for
exotic scalar and tensor contributions comparable to those deduced from HE
experiments

C The role of neutron decay is special i results are not biased with nuclear structure
uncertainties

Transverse electron polarization related correlations (H, L, N, R, S, U, V) offer
alternative (to Fierz term) way 1 linear sensitivity to scalar and tensor admixtures to
V-A weak interactions

Relative measurements: rate asymmetries

HE experimental strategy (particle tracking, vertex reconstruction, pixel detectors) is
applicable in the neutron decay correlation measurements

BRAND will measure simultaneously 11 correlation coefficients (a, A, B, D, H, L, N, R,
51 L/l V)

Constrains for scalar and tensor contributions will be deduced from H, L, N, R, S, U, V
exploiting their linear sensitivity to these exotic couplings

Classical correlations (a, A, B, D) will be compared to the results from dedicated
experi ments ( Nab,i entir€E\NdiferenUsgskematics e )

ESS is planned as ultimate location for BRAND; R&D can be conducted elsewhere (ILL,
PSI, &)

)

O 0 0O 0 OO0
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Backup slides
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Electron-proton kinematics

x 10°
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g g
5 5
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Reconstruction of momenta

Actual position of the decay vertex is not known

But:

It must be located on the electron
trajectory segment coincident with
the beam

Neutron decay density
distribution in the beam
IS known

Finally:
In extraction of correlation

coefficients we sum over momenta i
ambiguity in vertex position is not
essential

assigned weight is proportional
to the decay density

Probing Fundamental Symmetries with UCN, Mainz, 2016
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Electron and proton trajectories and ToF

Proton kinetic energy (eV)
0 200 400 600 800 1000

™ Bending radii of protons and
' | electrons are similar in the
Interesting energy ranges:
50- 800 eV for protons and
50- 800 keV for electrons

Proton kinetic energy (eV)
0 200 400 600 800 1000

Proton bending radius (cm)
Electron bending radius (cm)

1/v (ns/cm)

0 - Electro4:T(inetic en:rt;oy (keV) . - 100 k ;100
] :
p-e Time-of-Flight difference 3
ranges from 20 to 100 ns (per 1 = 13 1
cm drift path) for interesting N
proton energy range 50- 800 eV e 3

Electron kinetic energy (keV)
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SCINTILLATOR
(TRIGGER)

MWDC
\

MWPC

DAQ

\ 1 Quantity Exp. Information

E. o
= Electron Scintillation light

| momentum & electron track™
at Proton Time-of-flight

momentum & hit position

d __L__ * Electron track reconstructed with drift

N
ZL2
S times (x, ) and charge division (2)
dt; A\
_
at, L
PN
N
Time-of-Flight __L

1 ©Os >
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Limits from high energy
C Electrons and missing transverse energy (MET) channel
o(pp — e+ MET + X)
C Underlying partonic process is the same as in b-decay (ud — ev)

C If BSM particles are too heavy to be produced on-shell - EFT analysis
appropriate

C Express weak scale Lagrangian in terms of EFT parameters and
calculate cross section

=\ @)% 1212 2|
o(mr>mr) = ow||l+e€.’| +|€L|” + |er]

—2owr Re (E%) + EE{?)EE})*) + ffR[‘ER + e ]

+as |lesl+ [es?+ lep[*+ |p 2] + or |ler|*+ |er?]
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CMS results

€S.P
er|,

€R|,

 |Es.p| < 5.8 x 1073,
ér| < 1.3x 1072,

Im EEE)| <22x1077,

Re ¢ € (~1.1,4.5) x 1073

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

0.02+

0.01-

||
o
o
3

1

LHC7,5 fb!

~0.01"

—0.02

—0004 —0002 0000 0002 0004

ler]

- Dibosons
 vor
DY —n
e
. e
- Data
— W (m =23 TeV)

(CMS 5 fb', 7 TeV)

Bhattacharya et al.’2012

Low-energy future, gd/gs = 50%
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