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1. Motivation

» Standard Model of particle physics is too successful!
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1. Motivation

* A number of low-energy precision measurements are sensitive to BSM Physics
* SM prediction for the measured quantity is precisely known
 SM background is small
e Violation of SM symmetries

* Experiments currently underway
* Muong-2
* nEDMs
* Neutron decays
* Etc.



1. Motivation

* The n and n” mesons are special:

* The nis a pseudo-Goldstone boson
The 1’ is largely influenced by the U(1), anomaly
The n and i/’ are eigenstates of the C, P, CP and G operators: /°J/¢= 00
All their additive quantum numbers are zero: flavour conserving decays
All their strong and EM decays are forbidden at lowest order
Decays are mostly free from SM background

Perfect laboratory to stress-test the SM in search
of physics BSM
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* The semileptonic decays n!") = n®¢*f-and n' = n¥*¢- (£ = e or n) can be used as
fine probes to assess physics BSM.

* SM contributes through the C-conserving exchange of two photons that is highly
suppressed (no contribution at tree-level, only corrections at one-loop and higher
orders)

* Latest theoretical estimations for n — n%*#- date back to the 90s

* No theoretical studies for ' = n%¢*f~ orn’ = n¥f*¥~ to the best of our
knowledge


https://arxiv.org/pdf/2007.12467.pdf
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 Calculations performed within the Vector Meson Dominance (VMD) framework
* Decay processes dominated by the exchange of vector resonances

* VMD coupling constants parametrised using an existing phenomenological model

* Numerical values obtained from an optimisation fit to V — Py and P — Vy radiative
decays (V= p%m,p and P = °n,n’)
* See Phys. Lett. B 807 (2020) 135534, arXiv:2003.08379 for details



https://arxiv.org/pdf/2007.12467.pdf
https://arxiv.org/abs/2003.08379v2
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— (QED vertex

* Contributing Feynman diagrams

— \/MD vertex

(a) r-channel Feynman diagram (b) u-channel Feynman diagram

Fig. 1 Feynman diagrams contributing to the C-conserving semileptonic decays n” — 7%*I= and ¥ — nlTI1~ (I = e or w). Note that
g=pr+p-andV=p" ¢
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* VPy interaction amplitude consistent with Lorentz, C, P and EM gauge invariance
can be written as

M(V — Py) = gVPyguvaﬁg(‘{/)p‘\;gagqﬁFVPy(qz) )

where gy py is the coupling constant for the V Py transition involving on-shell photons, €,,4p is the totally
antisymmetric Levi-Civita tensor, €y and py are the polarisation and 4-momentum vectors of the initial V,

€(y and g are the corresponding ones for the final ¥, and Fypy(q*) = Fypy(q*)/Fypy(0) is a normalised form

factor to account for off-shell photons mediating the transition
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* |nvariant decay amplitude

d'k 1 1 k* (P —k)*(k— q)P (P —k)°
M= 2 / / € € B
le Vzpz(),w,‘ngn()ygVﬂO(n)Y (27)* K2 +ig (k—q)% +ie uvaﬁ[ (P—k)z—m%,-l—is pod
_ k_P++ml v v P_—]é-l-ml

where g = p; + p_ is the sum of lepton-antilepton pair 4-momenta, e is the electron charge, and 8yn()y and
8v0(n)y are the corresponding VMD coupling constants

Scalar current
A

M= Y oy + oty = Qa(p_)Pr(ps)] +mE[a(p_)v(ps)]
V=pY.w,¢
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with _ -
Q = v:pzo,w,(p Qy + oy , o= ¢ gvn(’)lyg;;gom)y/ dxdydz _AIZVIL‘_li'g i (AWB_lie)z_

L= V=,§w,¢ Prer pv = ezgvn(’)l}':;;co(nw/ dxdydz -Ajzczis - (Anf) —lis)z-

oy = € gvn(l)ly:;g Ao / dxdydz :AZZVA—ZI'E N (A2VB—2i8)2:

w= ST [draya: :Azzvc—zie ) <szD —2i8>2:
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* VMD couplings parametrisation

Emilio Royo

1 1 m :
8p0nty = 38 ony = 38 (st cos @p cos Py — ZJSZS sin @p sin ¢v) ,
= gZNs COS Op | 1 . m ,
8pOny = NS . op gon'y = 38 (st sin @p cos Py + ZnTZS Ccos ¢p sin (l)v) :
7 m :
8wy = 8COS Py omy = 38 (ZNS cos Ppsin Py + 2;szs sin @p cos ‘Pv) ,
8yn0y = &SINQy , 1 . n s Z
oy 8on'y = 38 (ZNS sin @p sin Py —zgszs cos ¢PCOS¢V) )

where g is a generic electromagnetic constant, @p is the pseudoscalar 11-1)" mixing angle in the quark-flavour
basis, ¢y is the vector w-¢ mixing angle in the same basis, 771/m; is the quotient of constituent quark masses,
and zns and zg are the non-strange and strange multiplicative factors accounting for the relative meson wave-

function overlaps
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* Numerical values from optimisation fit to VPy radiative decays

g =0.70 £0.01 GeV~!, zgm/m; =0.65+0.01,
dp = (41.44+05)°, ¢y = (3.3+0.1)°,
zns = 0.83 4+ 0.02 .
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* Decay widths and branching ratios

Decay I; th BRth BRexp
n — nlete” 2.7(1)(1)(2) x 1076 2.0(1)(1)(1) x 107° < 7.5x107% (CL=90%) WASA-at-COSY
n—alutu- L4(1)(1)(1) x 106 eV 1.1(1)(1)(1) x 107° < 5x107% (CL=90%) ]
n' — nlete” 8.7(5)(6)(6) x 10~ eV 4.5(3)(4)(4) x 107° < 1.4 x 1073 (CL=90%)
n' = autu- 3.3(2)(4)(3) x 107% eV 1.7(1)(2)(2) x 107° < 6.0x 107> (CL=90%) { PDG
n’ = nete-  8.3(0.5)(0.1)(3.5)x1075eV 4. 3(0 3)(0.2)(1.8) x 10710 < 2.4 x 1073 (CL=90%)
n' = nutu~  3.0(0.2)(0.1)(1.1) x 1075 eV 1.5(1)(1)(5) x 10710 < 1.5x107° (CL=90%) _

Table 1: Decay widths and branching ratios for the six C-conserving decays n(’ ) - 7%*1~ and N —nltl~ (I=eorp).
First error is experimental, second is down to numerical integration and third is due to model dependency.
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* 1 — n%*¢- dilepton spectra
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2. Results

* ' = n0¢*¢- dilepton spectra

Eur. Phys. J. C(2020) 80: 1190, arXiv:2007.12467
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* n' = nf*¥ dilepton spectra
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REDTOP is a new Fermilab project that belongs to the high intensity class of
experiments
* |t aims at detecting small variations from the SM by looking at a large number of

events produced with very intense beams
1.8 GeV continuous proton beam impinging on a target made with 10 foils of

beryllium to produce about 2.5 X 1013 —— and 2.5 x 1011 ——
year year

REDTOP may be able measure these BRs with significantly improved accuracy!

More information about REDTOP can be found in https://redtop.fnal.gov and
arXiv:2203.07651



https://redtop.fnal.gov/
https://arxiv.org/pdf/2203.07651.pdf
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3. CP violation

e The results from the previous
section are used to fix the SM
background

Emilio Royo Quarks and Nuclear Physics 2022 19



3. CP ViOlatiOn JHEP 05 (2022) 147, arXiv:2202.04886

 The SMEFT is a consistent EFT generalization of the SM constructed out of a
series of SU.(3) x SU,(2) x U,(1) invariant higher dimensional operators, built out
of SM fields”

Lsyerr = Lsy + z “0f=° + A2 Od ~l+ 0(A73)

\ l J
|
BSM effects

e Relevant operators for our study

Ofin = (Ger)(dogh),  OQI™ = (Ghe,)(@uo)eis

Lequ

* Phys. Rept. 793 (2019) 1-98, arXiv:1706.08945
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* The most general form factor decomposition for the three n) = °u*u- and
N’ = nutu processes

(wtp~ [T 70 (n)) = iM(21) (Dt + Dy — Po) — Da))
S

M = my(aw) Fy + (@ir°v) Fy + (afv) F3 + i(aky°v) Fy,

where

k = Dp() — Pr(n)
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* Noting that
* within the SM only F; ; terms contribute if one neglects electroweak effects,

* contributions to F, within the SM arise via electroweak loops which are negligible,

* within the SMEFT contributions to F, can appear at higher orders and, thus, are
irrelevant for this study,

one arrives at
Fi =% (cf. slide 11)
Fy = [Im 2}y (0] dd [nn°(n)) + Tm c5235 (01 5s [n () — Tm ey (0]t [ 7 (m)) | /v?
F3 = 50  (cf. slide 11)

Fy =0

DN
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3. CP violation

JHEP 05 (2022) 147, arXiv:2202.04886

* At NLO in LN, yPT, the matrix elements in F, can be expressed as

_ I P A M2
(0] wu/dd [nm°) = +Bo (1 - manm ) (chas + €135¢P23) — (c¢23 - %) g] (Mg > 8)

m2 + 3m2 —

(0] 55 [nm°) = —2Boe1s (1 —

A (cpos €125P23 M
)S¢23+ g(ﬁ—sﬁb%_ \/5613 )] (Mg_s)

Cha3z — SPa3

The corresponding expressions for 7 — 1’ can be found by substituting [ Soz —> —CPo3

Emilio Royo
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* At NLO in LN, yPT, the matrix elements in F, can be expressed as

Emilio Royo

(0] au/dd |n'n) = By

m2, +m2 —2m2\ /524 26 i M2
1 — n n 7y 23 9 . 23 9 & S
( M2 ) ( 5 T e1sc ¢23) ( G +52¢23 ) 5 MZ—3

2 2 2 2
( m,, +m; + 2my —4m

A M?2
Y B . K\ o S
(0| ss|n'm) = — By — Mg ) $2¢23 + (\/§c2¢23 2 s2¢23> —3] (Mg s)

where we have introduced the scale invariant parameter A = A; —2As, ¢o3 is the n-1’ mixing angle
in the quark-flavour basis, €15 and €13 are first order approximations to the corresponding ¢qs

and ¢,3 isospin-breaking mixing angles in the 7%n and 7%-n’ sectors, respectively, and Mg is the
mass of a generic scalar resonance.
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- Differential decays widths for n) = n(n)u*u~ — nn)e*v.v e vev,

dsdcd A} 25# L [dS) 56
dr=>, 642 m3,, (M(An, An)| [ dz n(zx) (1-Ab(z)B- )] [4—da: n(z) (1+2b(z)B-7)
A J \ I ’
| Y Y
Nt = mm)up = etvev, L™= e Vv,

dl' =

dsdch Ay 1/2 B [dQ dQ : i i o *
64(2m)3 mg(,)ﬂ [47r 4 n(x)] [47r dz "(x)] [CI\F1|2 + 83| F3|? + &3 Re F1 F5 + &3 Im F\ F;3

+ &|F|? + e Re FiFy + &y Im Iy Fy 4+ 4 Re o Ff + &5 Im FQFg]

Emilio Royo Quarks and Nuclear Physics 2022 25


https://arxiv.org/pdf/2202.04886.pdf

3. CP ViO‘atiOﬂ JHEP 05 (2022) 147, arXiv:2202.04886

* Longitudinal and transverse asymmetries:

1/2 ” 1/2 o
N (B> 0)—N(chor < 0) 2 J dsdchA Y28 m, [ﬂuslm F1F} + 2020 Im F3F2]

Ar =
L™ N(ch,+ > 0)+N(ch,+ < 0) 3 64(2m)°m>, [ dT

 N[s(@-6)>0-Ns@-d)<0] = dsdedN/*B,m, [B“s Re F1Fy + 2XY/2cH Re F3F2*]
" N[s(¢—¢)>0]+N[s(¢—¢)< 0] 18 64(2m)*m3,, [ dT

Ar

where the polar angles 6.+ refer to those of the e* in the u® rest frames, ¢(¢) correspond to the az-
imuthal e* angles in the p* rest frames, and N refers to the number of n(") decays.
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 Results @NLO in LN, % PT for n) = no(m)utp-

AT = 0.19(6) Imcno2 ! —0.19(6) Im 223 —0.020(9) Im 3222

Lequ
AZZ™HTET 20.07(2) Im el 40.07(2) Im 2231 +7(3) x 1073 Tm 2222,
A 7T = —0.04(8) Imcgyy " —0.04(8) Imcj2) 4+10(3) x 10~* Im 237

AR = 3(6) x 10 Imefg ! +3(6) x 10~ Im o2} ~7(2) x 10~ Im 7237,

AT = 5(39)x 10 Im )2 +5(46) x 10~ Im 223 —0.08(1) Im ¢3222,
AL = 7(50) x 10 Im ey —6(65) x 102 TIm 324}
+1(19)x 103 Im c7237,

where the error quoted accounts for both the numerical integration and the model-
dependence uncertainties

Emilio Royo Quarks and Nuclear Physics 2022
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 REDTOP is currently studying the implementation of muon polarimetry, cf.

arXiv:2203.07651
- A total production of 2.5 X 1013 —— and 2.5 x 1011 —— is expected, with
year year
assumed reconstruction efficiencies of approximately 20%

* The expected SM asymmetry noise for the n!) = murpu-and n’ = nutuis

OpsnOpty— = 1.29 x 1072
Op/ 5m0ptpu— = 0.105
= 0.354

T/ —pt =
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* Sensitivity to new physics at REDTOP

Process Asymmetry Im c&?ﬁfll Im c%ezj; Im cgggg
0 4+ Ap 0.0695 0.0720 0.686
n— moutp
Arp 0.194 0.203 1.93
A 2.36 2.56 10.96
n = moutp”
Ar 33.1 35.8 154
L Ar 67.5 85 446
n = nutpu
A 5264 5549 328
n—ptu Ar 0.007 0.007 0.005
nEDM — <0.001 <0.002 <0.02

Table 1. Summary of REDTOP sensitivities to (the imaginary parts of) the Wilson coefficients
associated to the SMEFT CP-violating operators in eq. (2.2) for the processes studied in this work,
as well as the n — p™p~ decay analysed in ref. [4]. In addition, the upper bounds from nEDM
experiments are given in the last row for comparison purposes.
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4. Summary

* The study of the n and n’ phenomenology may provide a very effective window
to find physics BSM

* Theoretical predictions within the SM framework have been presented for the
the six n!') = n®¢*f~ and n' = nf*¥~ semileptonic processes

* Theoretical estimations for the longitudinal and transverse asymmetries of the
three n!') = 7utu~and n’ — nutu- processes have been presented. The
predicted statistics at REDTOP would fall short to detect CP-violating effects in
these decays



