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1 Introduction

In this article, we investigate the signal of CP violation in a set of n muonic decays. In
doing so, we assume the signal as arising from heavy physics, so that the Standard Model
effective field theory (SMEFT) can be applied. As a result, two different scenarios arise:
that of CP-violating purely hadronic operators (CPy) and that of CP-violating quark-lepton
ones (CPqr,). We provide the required amplitudes for Monte Carlo (MC) generators and
evaluate the impact of such operators in terms of certain asymmetries, using as a benchmark
a proposed 7 factory with the ability of measuring the polarization of muons: REDTOP [1].
After estimating the impact of these operators on the neutron dipole moment (nREDM), we
find that CP-violating quark-lepton interactions could be at the reach of REDTOP, while
evading nEDM bounds. Dealing with muons, these bounds are complementary to those of
the electron case which have been put recently after the ACME Collaboration results [2]
in ref. [3].



The article is organized as follows: in section 2, we discuss the two CP-violating sce-
narios arising from the SMEFT operators and their connection from quark to hadron
degrees of freedom (e.g. with 7n-physics). Then, in section 3, we compute the n —
ptp yptp ptpmet
and single-Dalitz decays. We provide the required expressions for MC generators and com-

e~ decays, accounting for the polarization of muons in dilepton

pute different asymmetries that could be generated, providing the sensitivities at reach at
REDTOP. Finally, in section 4, we evaluate the impact of both CP-violating scenarios on
the nEDM, that sets stringent constraints.

2 The CP-violating scenarios

In our study, we assume that the CP-violating new-physics effects are heavy enough to
be described through the SMEFT. Following the operator basis in ref. [4], we can find
here CP violation in three different sectors: that involving the hadronic part only, which
we include in the CPy category; that mixing quark and leptons, which we include in the
CPyy, one; and that affecting lepton-photon interactions (Oew p), which we checked to be
negligible and discard! for brevity.? Regarding the CPy category, since we are interested
in decays connecting 7 to muons, these will result, at low-energies, in a CP-violating shift

*

of the ny*~* coupling, a scenario extensively discussed in the literature in the context of

light pseudoscalar mesons [8-10]. In general, one has

M = e (7 0 Py (a3, 63) + [0 (01 - @2) — dfat) FPh (a 63)

+ [0 — ddyds — A d + (@ a2)dids] FE2-(ai, Q§)>, (2.1)

where €912 = 41, F, .~ is the standard transition form factor (TFF), and the latter two
are CP-violating ones. For some details on our TFF description, we refer to section A. Ac-
counting for the hadronization details linking the SMEFT CPy operators to Fg—:y (43, 43)
in a quantitative manner is a formidable task; however, this is enough to our purposes as

we shall see. Coming back to the CPyr, category, the relevant operators here are

) Cél)prst B I él)prst
Ofegu = 25— (GherJejn(@hur) +hoc. = —— G [(@yir er) (Hsur) +(eper) (wsin*ur)]
(2.2)
g gt N
Oledq = vzq(%er)(dsqf)—i—h.c. — 502 q[(épz’y%r)(dsdt)—(éper)(dsz*y‘r’dt)], (2.3)

'Particularly, the uEDM [5] put tight constraints on these operators [6].

*We could have CP violation in the pure leptonic side via the O operator [6, 7]. However, this is
irrelevant in what we find the best channel,  — ™, and should be negligible in other cases — see
discussions later.



where v?2 ~ 2Gp, and {p,r,s,t} flavor indices. Concerning the 7, these produce CP-

violating interactions of the kind £ = —C(nePe"), with?
Imco s 1)pril 11 22 -
C =5 (Q1a7°q In) = Im(L57(cheg ™ + chlgy) — 23715 x 107°. (2.4)

3 Muonic decays and asymmetries

Having discussed the relevant hadronic matrix elements, we are prepared to discuss the
different muonic decays, which in the first two cases involve the muon polarization — a
property that can be measured at REDTOP [1].

3.1 The golden channel: n — ptpu~

In general, there are two structures governing the n — u*p~ decay amplitude, namely [13,
14] (gp and gg are dimensionless):

iM =i [gp(aiv®v) + gs(av)], (3.1)

where the first(second) term is CP even(odd). In the SM, gp = —2m,a?F,,,A, where
A= .A(m%) is defined in terms of a loop integral, see refs. [15, 16] and references therein.*

The polarized decay yields®

m2 - _
IM(An, \n)|* = 7" [|gp12 (1= AX[n - a]) + [gs*B5 (1 = AA[nen. — ng - nig])
+2 [MRe(gpgs)(m x n) - B, +Im(gpgs)B, - (An — An)] } , (3.2)

where — hereinafter — n(n) will refer to the polarization axis for the pu*(u™) (in its rest
frame), the Z-axis will point along p* direction, and B, will refer to the u* velocity in the
dimuon rest frame — here coinciding with the 1 one. This would suffice to produce a MC
for polarized decays.® Still, in order to define the asymmetries and estimate their size (in
vacuum), we need to suplement this with the polarized muon decay (see section B), that
leads to”

2
A _ 9, <O‘m“> [|A|2 (1465 {8-B}) + 28,45 {bb[(8 x B) - 1] Re A

Ly Ty

— (b8 +bB.) Im A} + §& (1 + b0 {B.8. — Br - Br}) |dex, (3.3)

3The FKS scheme [11] is employed for describing the n — ' mixing (with parameters from ref. [12]),
implying (Q| 2maq*iv°q® |n(P)) = Fim2 tr(a)?) + F(2m3 —m2) tr(a)®). Moreover, we employ the quark
mases in PDG [5], at the scale u = 2GeV: my ~ mqg =1 = 3.5MeV and m, = 96 MeV.

4In particular, and neglecting uncertainties, we take A(mf]) = —1.26 — 5.47: [15].

®For that, we use the polarized spin projectors u(p, An)a(p, An) = % (1 + )\757L) (]b + m) and
v(p, An)v(p, An) = & (1 4+ A\y°st) (p — m). Particularly, n* = (0,n) = (yBn,nr,yn.), with |n| = 1.

In a real experiment the muon trajectory, its polarization, and subsequent — polarized — decay are
accounted through GEANT4 [17].

"We use, as it is standard, Iy, = |F;y,|*mja’m/4 to normalize the result. Although we give §2 terms
for completeness, in the following we will only consider the interference with SM terms, which are gs- rather
than §Z-suppressed.



Figure 1. Left: the LO SM contribution to the Dalitz decay. Right: the momentum labeling in
the p+pu~ reference frame.

where gs = —gs/(2mua®F,,) and d+ = dQdzdQdz(4m) " *n(x)n(z) refers to the eTe™
differential spectra, which is normalized to BR(y — evr) ~ 1. The unbarred(barred)
variables are kept for the e™(e™) and b = b(z), with n(x) and b(x) defined below eq. (B.4).
If integrating over d.+, the terms in braces vanish, recovering the standard result for
g% — 0.

tes |+ CBodq)

0.7710?6233). For the CPyy one, the contribution is generated at the loop level and parallels

For the CPy, scenario, gs = —C, and from eq. (2.4), gs = (0.510(c

the SM calculation. Defining ¢(I) = p,- £ p,+, we find

G = ik /d4kF,%€}/*(k2, (g —k)?)wy + Fgﬁ%* (K%, (q — k)*)ws (3.4)
T2q* By, k*(q = k)*((pp- — k)* —mj) 7

wi =k-(q—k)I*— (k-1)(k*+ (¢—k)*), wr=Fk(q—k)?(*+2k-1).

Using the form factors description in section A, we find gg = (—0.87 — 5.5i)€e; + 0.66€2,
where large hadronic uncertainties are implied.
In order to test our CP-violating scenarios, we define the following asymmetries

N(cpg >0)—N(cpg<0) - BuImA gg
Ap = =Ap=-+F—== 3.5
L N (all) T AR (8:5)

B N(sd)%—) >0) — N(s¢7q; <0) 7B, Re A gs
AT = = 5 (36)

N(all) 36 AP
where the barred version is the Aj asymmetry for the e”. As a result, we find
A = 0.11¢; — 0.04es, Al = —Im(2.7(cl2M 4 1) - 4.16232) x 1072,

Al = —0.07e; — 0.002e2, Ak = —Tm(L6(cL2" + 3222) — 2.5¢232) x 1072,

for the CPy and CPyy, scenarios, respectively. Taking BR(n — putp~) = 5.8 x 1076 [5],
and the expected number of 7 mesons at REDTOP (2 x 10'2) [1], we obtain that the SM
background for the asymmetry at the 1o level is of the order of N=1/2 =3 x 107%. As a
result, we find the following sensitivities: €;(g) ~ 1073® and C%QQSt ~ 1072,

3.2 The Dalitz decay: n — yutu~

In the following, we introduce the — polarized — Dalitz decays: for simplicity we do not
consider the most general amplitude, but the interference of the LO SM result with our



CP-violating amplitudes. Concerning the SM, the LO amplitude arises from the diagram
in figure 1 (left)®
iM = i’ e pok” ¢ " (WY V) Fyyys () g2 (3.7)

Employing the phase space description in terms of the dilepton invariant mass ¢ = (py +

2
p-)
can be expressed as’

=s= a:um% and the polar angle 0 (see figure 1 [right]), the differential decay width

al—z, |M?

o m% le3 Fryy |2

1
" (1 — 2,)| M|Pda,dy = T,

dr =
(27)3 64

dx,dy. (3.8)

The LO SM result for the polarized Dalitz decay results in

_ 18| F v (5)]? _
IM(An, \n)|*> = 46|n;§(8)|(m,27 —5)2 {2 - ,BZ sin 0 + )\)\{BEL sin?@(n.n, — ny - ny)

+2 (nzﬁz cos? 6 + Ny Ty sin? 9) —24/1— Bﬁ sin @ cos (n,n, + ?LGy)H , (3.9)

with similar conventions to those in the previous section (note that we choose, again, the u*
to mark the Z direction and the v to have an additional component along the ¢ directions —
see figure 1 [right]). Once more, we include the muon decay to estimate the asymmetries,
obtaining!'®

AT o |Fyyme(5)]? . _ _ _ _
= = MWQ — 2,)3dsdyd,. [2 — B2sin?6 — bb{ﬁg sin2 (8.5, — Br - Br)
Yy

+2(B.8. cos? 0 + B, B, sin? 0) —24/1— 32 sin 6 cos 0(8.8, + Bzﬂy)H . (3.10)

Integrating over d,+, the terms in braces vanish and we obtain the standard result [18, 19].
Concerning our CP-violating scenarios, we give here the main results and relegate the
intermediate steps to section C. The final result reads

dlcpy glm an*(s)ﬁﬁﬂ*(S) (1—x )3dsdyd +
= I e

| T S

x [, /1— B2 sin (b3, — bB,) — cos H(bB. — BBZ)], (3.11)

T 1- = 2
d o, _ (1 - a,) 2Cdsdyd,+ (G5 Re By (5) + i T By (s)] (3.12)

¥y Coms(l-y?) 21y Fiyyy
where ap s is obtained from the results in section C upon ar; — agrr/ m% and, for ag,
An(An) — bB(bB) while, for &y, An(Ai) — —bB(+bB). In the following, we introduce two
additional asymmetries besides those defined in section 3.1,

N(S¢ >0) —N(S¢ <0)
N (all)

N(cycg > 0) — N(cgcg < 0)
N (all)

ALy = , Arp = (3.13)

8The Z boson contribution is discussed in section D and does not affect the results here.
9We defined y = 3, cos§ and Bi =1- 4mi/s.
10, -+ (s) stands for the normalized transition form factor.



While for the SM result [eq. (3.9)] these asymmetries vanish, in our CP-violating scenarios
we find!!

A =0 AFE = 4Tm(LA(cp)2 + B2) — 17232 x 1077, (3.14)
AL = —0.002¢;  AFE = 5Im(L1(cL2 + 321) - 1.768232) x 107°, (3.15)
A =0 ABE = 2Im(11(c))?" + ¢2,) — 1763532 x 1077, (3.16)

Al = AL = —5Im(L1(cph2? + 22) — 17¢232) x 1075, (3.17)

Taking BR(n — uTu~y) = 3.1 x 107* [5], we obtain that the SM background for the
asymmetry at the a 1o level is of the order of 10~° for REDTOP statistics, which results
in the following sensitivities: € ~ 1072 and 0%92“ ~ 1. For completeness, we show in

section D that the Z-boson parity-violating asymmetry is irrelevant for such statistics.

3.3 Classical channel: n — pTpu~ete™

The double Dalitz decay has been the standard way to test for CP-violation in pseudoscalar
mesons decays, as it does not require to measure the polarization of the leptons [8-10]. In
this study, we restrict ourselves to the n — pu*p~"ete™ decay!'? and study the interference
terms alone. Concerning the SM result, notation, etc., we refer to ref. [20]. Regarding the
CPy interaction, we recover the results in [20] with the addition of the second form factor
that was omitted there,

dr’ a? Foonn ~ Pk ~ P9
CPy _ Re ey )\2 |:y12y34\/w2(>\%2 . y%g)()%;; _ y?2’4) (2F0P1 _ ZmZFCPQ >

Pw ~ 3973 $12834 ny*y* ne Nyt
— (A2 — 20, — y2,) cos & (%Fﬁi;’; - w2mgﬁ,§§fi§t) } sing do. (3.18)

Concerning the CPyr, scenario, there are four different contributions. Those arising from
the effective operators coupling to muons are

. . e’C - _

ZMl = —Zm [U17“(¢134 + ma)'U2] [U3’Y“’U4:| ) (319)
My — i e*C [ (g, — ] [37,004] 3.20
ey 1 P~ el Ll 2

while, if considering the coupling to electrons, the remaining two would be obtained upon
1(2) — 3(4) and p — e exchange. Their contribution to the differential decay width reads

muC 2234912y34(1 +0) — (1 = 0)=
Foy s3a[(1 —9)% — )\2@/%2]

X w2 (N, — ) (V3 — u3,) do. (3.21)

"For analytic results in terms of phase-space integrals, see section C. In these results, we use the form

dlopy, @ ReFpps

M sin ¢

F’Y’Y - 167T4 512834

factors in section A and assume the CP-violating form factors to be real.
12The SMEFT operators involving electrons are tightly constrained as we shall see and we neglect them,
while the purely muonic channel is less interesting since its BR is two orders of magnitude below [20].



As said, in these decays a polarization analysis is not required to test for CP violation; this
is related to the lepton plane angular asymmetries. Defining

N(S¢C¢ > 0) — N(S¢C¢ < 0)

Ay = .22
#/2 N (all) ’ (322)
we obtain
a0 L [ Frvy AZA3,A3, (221305’1’; - w2m2F052>1> dsiadszs,  (3.23)
¢/2 913 N 519834 Y nemyty 2
AHL — _4a 1 [Re Frpyeo muc)\?,
927 37N | AmiF,., s
AN

X (/\)\12(1 —0) — [(1=6)* = A?A%,] tanh " [1 ;fs] >d812ds34. (3.24)

Employing the form factors defined in section A, we obtain

AL, = —0.2¢; +0.0003¢2, AL = —Tm(1.3(c[)2" + 2211) — 1.9¢2232) x 107, (3.25)

Taking BR(n — puTu~ete™) = 2.3 x 1070 [20], we find the SM background at REDTOP
at the 1o level to be 5 x 1074, Consequently, we are sensitive to €; ~ 1073 and co ~ 40.

4 Bounds from neutron dipole moment

The interaction of a charged fermion with the electromagnetic current (j#) can be expressed
as (L(p')| j* [€(p)) = Qutiy ¥ (q)uyp, where [21]13

1ot q o q
- — 2 Fp(d®) + (V" — 4¢")v"Fa(q?), (4.1)

I+ = Fy(¢%) + By (q?)

2my 2my

with ¢(I) = p’ F p. At low energies, F» and Fp generate magnetic and electric dipole
moments, respectively. Particularly, in their non-relativistic limit

h eh
Al o B_do-E - M E F d=
el A po o-E, 2me( 1(0) + F»(0)), Smge

Fp(0).  (4.2)

Being suppressed in the SM, EDMs put severe constraints on CP-violating new physics
scenarios [6]. In addition, the dipole moments of heavy atoms and molecules put strong
constraints for contact CP-violating electron-quark D = 6 operators [22]. This is the reason
for which we did not consider the electronic, but the muonic case — see also in this respect
the implications of the recent ACME Coll. [2] results for the electron EDM in ref. [3]. In

13In general, Fi (0) = 1, except for a neutral fermion, such the neutron, where we take Q, = 1 and

“Usually p is given in units of eh/2m, and F»(0) yields the anomalous magnetic moment.
The electric dipole moment commonly refers to d in units of ecm, such that it involves
(he[CGeV cm])/(2mec?[GeV])Fr(0). Also, we take £ = ¢(iy*D,, — m)y with D, = 8, — ieQ¢A,, so that
IM = det, M upe,. With these definitions, the dipole moments can be also obtained from the effective
Lagrangian £ = Qg%ﬁ)a‘“’ (p+ iy d)YF,.
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Figure 2. Contributions to the nucleon EDM via a CP-violating n coupling to .

the sections below, it will be useful to employ projectors (in analogy to refs. [23] for the
magnetic moment) for Fg which, in D = 4 dimensions read'®
—imltay®

P — ) P 5P+ 1 (.

(4.3)
In the following, we discuss the bounds that the nEDM puts on our new physics scenarios,

Fp(g®) =tr (p' +m)T*(p+m), Fp0)=

12m

for which we employ the projector in the ¢ — 0 limit, in which dipole moments are defined.

4.1 nEDM bounds on CPy scenario

As stated in section 2, there are a number of effective operators belonging to this case
— each of them contributing differently to the nEDM and posing an individual challenge.
However, for our purpose — as we shall see — it will suffice to account that the CP-violating
n TFF will generate a nEDM via the diagrams in figure 2, which amplitudes read'®

o =gann [ Atk Gy Do (k)P + K+ mn) (F+ 47w,
iy = e [ o T mpee s e L
Mo — oo [ Al Ty (K A+ )y Y(p — Kk +mn)To(—k)up
Me=ieor, | G e o 2l — R =] (4.5)

Regarding the I', vertex, we take it to be given by the on-shell form factors Fj 2 in eq. (4.1),
which closely follows the methodology in ref. [24]. Of course, this contribution is rather
model dependent and there will be additional ones, but should be enough to provide an
order-of-magnitude estimate. Using the projector technique, we obtain

aNN 1672 [ dk k2[2m3 — 3(k - p)] — 2(k - p)*
FE(0> = 96;1\[;\7 T i / 2W4F7$7P}Y (kQ ) [kz[(kQ ]i m%)(((p]ﬁ]kﬂ E m?\?) Fl(kz)
A(k - p)® + 2k2(k - p)[(k - p) — 2m3 ] + mi k! Fy(k?)
l<>2(k2 my)((p +k)* — my) 2m3

+ , (4.6)

gnNN & C
= e1Fyyy gF / K2K2+ Fmpfly (—K*,0)(1~5)

3K? -
x| FBa(~K) 5 (3 8) — Fi(=K?) [1+ (1 +8)7] ), (4.7)
16m3y,
T# = —q,I'"**, where T** = limg—0 9, T".

For the NN7 coupling we take the results in ref. [24], where this was given by £ D %NwﬁNaw
with gyynv = 0.673 and F,, = 1.37F.
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Figure 3. CPyy, scenario contribution to the nEDM: first contrlbutlon at two loops (left) (additional
reversed diagrams appear). The Ol(e ;u operator requires the Oz cqu Operator for renormalization at
the one loop level (center) — which requires a dipole counterterm at one-loop too (right). Dipole
operators also enter when renormalizing the Oj.q, operator at two loops.

where 5 = (1 + 4}?—;")1/ 2 and in the second line we have used the Gegenbauer polyno-
mials technique [25]. For the numerical evaluation, we employ the TFFs description
in section A and the eletromagnetic form factors parametrization in ref. [26], obtain-
ing d, = 9.6 x 10~"%¢; and dp = —6.2 x 10~2%;, in units of ecm. Accounting that
d%(n) = 2.1(0.30) x 1072, this places bounds which are orders of magnitude beyond the
experimental sensitivities accessible at REDTOP. Of course, this offers no bounds on e
and an alternative would be to set F%I;I’Q(O, 0) — 0 — this is, a vanishing coupling to real
photons. A tuning such that would be suspicious however without a dynamical origin and
we conclude that CP-violating physics in the context of CP-violating nvy*~v* interactions

are out of reach for any experiment so far.

4.2 nEDM bounds on CPyp, scenario

Here, there is no mechanism inducing a dipole moment at one loop, which can be related
to the fact that the Green’s function (0| T{V*(x)S(P)(0)} |0) vanishes in QED+QCD due
to charge conjugation. The first contribution appears at two-loops and requires renor-
malization, which is sketched at the quark level in figure 3. This involves the following

operators
I (3)prst
Ofogs = -+ = —i— 3 (@07 er) (#s0,wr) + (€0 er) (a0 ™ur)] . (48)
Imcst Sl gCw £ S
Oy =+ = i (@0 a) B gy, = O S (09)

For the nucleon, the CP-violating contribution to the electromagnetic vertex is

=Y [ Glimli [ T a0} )

« [1/ ) 0] 7 (40 ) EE )0} 0 |

d*k 1
=e Z/ o)1 k2 % vvr, (=k b+ QU5 (k@) 9vp, (4.10)
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Figure 4. The generic contribution to a nucleon (N) EDM (additional counterterms need to be
included as well). We approximate it as a low-energy (finite) contribution saturated via an inter-
mediate nucleon (N) state (reversed diagrams implied) and a high-energy contribution (including
counterterms) that mimics a contact term resulting from the OPE of the two currents.

where, for Opequ(redq)s We have the combinations AT T = M[{w‘r’ 1} +
{iv®,1}].'7 In the following, we will simplify the calculation to get an order-of-magnitude
estimate as follows: in the low-energy region (which we take below 2 GeV), we will as-
sume the hadronic blob to be dominated by an intermediate neutron state, as shown in
figure 4. Above, we employ the operator product expansion (OPE) for large (euclidean)
momentum k.

Concerning the low-energy part, we have two hadronic elements to be computed. For
I' = i7®, we approximate such an interaction via an intermediate pseudo-Goldstone boson
state (70,7,7') — similar to the CPy scenario. Regarding I' = 1, we approximate it via
the scalar form factor (see appendix E). For the electromagnetic form factors we use again

ref. [26]. Regarding HVVS(P)(k:, q), we provide them in the vanishing ¢ — 0 limit
—8m Be+1
v vuqk l ¢
I, p(0, k) = e %25, In <ﬁe — 1) (4.11)
i 8my |1+ ,B Be+1
|} [ = (g" (k- q) — k" £ 1n -1 4.12
o) = @ 0) - ) g [ (A1) —1) )

up to O(q?) corrections, where ,83 =1+ 4m%K_2 and K? = —k%. We obtain'®

: Grmy gpnNhE
FNa0) =1 @ / dK |myHg + IENNTP 1 413
E ( ) M Cpequ(dq) — 6\[71' myiis Fp ( )

"Note in particular that potential additional diagrams with a single photon attached to the lepton line
will be related again to (0| T{V*(x)S(P)(0)}]0) = 0.

"®From ref. [24], we have g-nn = ga = 1.27, g,y )nn = 0.67(1.17) and F,(,y) = 1.37(1.16)F, with
Fr = 92MeV. Concerning the pseudoscalar matrix elements, and following ref. [11] ht = —pd =
FemZom™" = 0.48 GeV?, h! d) = F},mim™! = 040(0.35) GeV? and h; F

ey (2mE —
mZo)m; ! = —0.42(0.53) GeV?.

nn’) —

~10 -



with hl, = (0| giv°q |P), ¢ = {u,d, s} a flavor index, and the functions

Hg(K) K (2/612V —1>1n<ﬁ”1>F§V?q(—K2)[F{V(—K2)+F5V(—K2)], (4.14)

:m?\fﬁz 1+ 8N Be+1
KBy' (1482, (Be+1
Hp(K)= 4 L] —1) |FN(-K?)[1+(1 -1
3K?
EN(-K? 3— : 4.15
Numerically we find!'?

dy = Im(2.55¢02" — 3.17¢241 — 0.18¢2232) x 1072, (4.16)
% = Im(—0.75(26)cper '+ 0.92(27)cF2) + 0.08(1)c3232) x 1072, (4.17)

For the high-energy region, the OPE calculation for the two-currents (to be included
in the final hadronic matrix element) parallels that at the quark level — the main differ-
ence being the scale. Assuming that the theory was renormalized at a scale close to the
electroweak one and assuming the quark dipole moment negligible at such scale, the result
can be estimated by the large logs. To find these, we opt to use a cutoff regularization (A)
for the quark diagram level leading to

_aGrmamg o [TARK[/, 2 \[LEBE, (Pl
o= 25 | (5 ) [ = (55)

262 Be+1
+ (1 +qﬂq - 1) In </3j — 1) } I Cequiag)  (4:18)

(In? A% — In A?%),Im Cledg I A} . (4.19)

a Grmemg {1 (1)
T 6\/§7T2 mc@equ

As a check, the In? A terms reproduce the expectation from the one-loop RG equations.?”

Moreover, we find good agreement for the In A term (which represents the leading log for

21 From the neutron matrix elements

Oledq) comparing to the recent results in ref. [7]
gk = (n|go"~q|n), obtained from lattice QCD at u = 2 GeV [28], and using the renor-
malization scale ug = 100 GeV, we obtain for the high-energy contribution

diy = Im(~0.59c)e )2 +0.15¢28] +0.001¢322) % 1072, (4.20)

which is subleading compared to the low-energy contribution. Adding up eqgs. (4.17)
and (4.20) and assuming uncorrelated Wilson coefficients, we find that the nEDM puts
the following constraints

(1)2211

peme < 0002, TImcfZ <0.003,  Imcpir < 0.04. (4.21)

19We checked that the integral saturates at 2 GeV. The errors for the neutron are shown to illustrate the

impact on the scalar form factor model only — dominated by the o x term.
(3)

de
20\A73 : Lequ _ a (1) deuy oM Qe (3) : .
With our conventions, —7< e > Qe QuirCregy and gy LD —e 3ty Cpey, — IN agreement with ref. [27].

2n particular, with eq. (2.35) in [7] one takes e > d and N. = 1. One also needs to take care of the sign

conventions — which are essentially related to our opposite choice for the covariant derivative.
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Once more, we emphasize that large uncertainties are implied, thus these should be taken
as an order-of-magnitude estimate. As a conclusion, we find that n — p*u~ decays are

the only ones that might show CP-violating signatures for c?fd%? ~ 1072

5 Conclusions and outlook

In this study, we have examined different imprints of CP violation arising from the SMEFT
in different  muonic decays, which are effectively encoded via CP-violating transition form
factors or contact n-lepton interactions. Having in mind the REDTOP experiment — a pro-
posed 7 factory with the ability to measure the polarization of muons — we have estimated
the sensitivities that can be reached in each case. After computing the implications of these
scenarios on the nEDM, we have found that only n-lepton interactions — particularly the
(’)%33112 operator — might leave an imprint via the muons polarization in the n — u™pu~
decay.?? This is complementary to first generation (electron) bounds from the EDMs of
heavy atoms and molecules. Still, there would be possible ways to improve this study. They
are beyond the scope of the present work, but we briefly comment on them in the following.

Regarding the SMEFT operators, a possible extension would be an improved deter-

mination of nEDM bounds on Opegy reqq operators. There are different lines that could be
(3)

Lequ
RG equations [6]; computing the full two-loop calculation; improving the hadronic model

pursued: considering non-vanishing O and Ouw uB,aw,dp operators and employ the full
(with a serious estimate of uncertainties). Also, one could estimate the impact on the same
operators for the £ = 7 case. Here, the large-logs will become as important as hadronic
effects, as they are o« my, and the hadronic model might have to be improved up to higher
scales. Very differently, it might be interesting to check the induced Ot}elqsi( dq) OPerators
that might appear at two loops from (’)262;5( dq) and to check whether these might allow to
improve the bounds derived here. Finally, one might wonder about the Q). operator. As
said, this does not produce an effect at LO in dilepton decays. In Dalitz decays, would
be analogous (up to ¢ factor) to the Z-boson contribution, which we found negligible. For
double Dalitz decays it might appear as a loop contribution, so we expect this small, with
lepton EDMs presumably setting stronger bounds [7].

Regarding additional decays, we did not discuss here the n — utp 7"

7~ decay,
especially in the CPy scenario. Yet the latter has a larger BR than the leptonic one, the
nEDM contribution would be very similar (for the CPy scenario) to that in section 4.1 up
to an a1 K? factor,?® which would result in stronger bounds. For the CPyy, scenario, on
turn, we expect too small asymmetries as it happens for the leptonic case. Overall, we do
not expect — in principle — any CP violation in these decays. Finally, we did not discuss
polarizations in the  — 7%u* = decay, that might be interesting to analyze [1], but are

beyond the scope of this study.

22Being this a potential channel to look for CP violation, one might wonder about its " counterpart. An
analogous computation shows A% = — Im(1.4(c§2ﬁfn + cjtig) +2.9¢;237) x 1072 Since BR(n' — ptp™) ~
1.4 x 1077 [15], this cannot place stronger bounds.

ZThe n "7~ state is essentially the low-energy manifestation of the vector isovector current, which would

result in a similar diagram modulo photon propagator and form factors.
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A The form factors parametrization

Here we describe the parametrizations employed for the TFFs appearing in eq. (2.1). Re-
garding the standard — CP conserving — one, Fm*y*(q%,qg), we employ the approach
described in refs. [16, 29] and stick to the simplest parametrization that implements pre-
cisely the low-energy behavior and respects the high-energy one [29]24

A2

2 2
Fypyeye (1, 43) = anﬁv

at — ¢

where, Fj,, = 0.2738 GeV~!and A = 0.724 GeV [29, 30], except when imaginary parts are
relevant, which we postpone to the end of this section. For the CP-violating form factors

(A1)

there is of course no theoretical knowledge as they are speculative and its microscopic origin

is unknown. In the following, we assume the high-energy behavior from ref. [31], implying
that 0L (—Q?, —Q3) and —Q?FSR2. (—Q?, —Q3) behave as Q~2, where 2Q? = Q? + Q3.

Yy ny*y*
Thereby we choose
2 2
CPl (.2 2 A F CP2 (.2 2 —26A°F
F77’Y*’Y* (q17 ) =—-T F’q’y*'y* (ql ) q2) = ( (Al (A2)

A2 —qf — g3’ A2 =gt = @) (Al — af — d3)
We take the same value for A as before and introduce Ag = 1.5 GeV inspired by heavier
resonances (results are rather stable upon varying these masses).

If only the imaginary parts are relevant for the asymmetry, we employ the TFF de-
scribed in ref. [15] instead. This reads Fpy«~(s) = Fpyy[cppGp(s) + cpuGu(s) + cpgGo(s)],
with G, 4(s) Breit-Wigner functions, and the intermediate 77 rescattering modeled as in
refs. [32, 33] through

M?
P
M2 2 2 -
M2 — s+ ot (In (%) + 222 — 2 — () n (2351

and ¢;¢pug)r = 19,1, —2}/8, which is — effectively — similar to the description in ref. [34].

GP(S) =

(A.3)

24We checked that higher order approximants did not change significantly our results, so we stick to this
for simplicity.
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B Polarized muon decay

In the effective Fermi theory, and using polarized spinor sums, we find for the pu* —
e*(k)vu(q1)ve(qz) decay amplitude

M (1%, 2n) |* = 64Gka(ps £ Amymg)aiias . (B.1)

Including phase-space and integrating over the neutrino spectra (we employ the muon rest
frame), the result above reads?

dl'(p*, An)  m

= et WenGiba’ 1 : B.2
o~ st VenCrPTn (@ 20) [LF Wbz, 20)8 - . (B.2)
2
dBR(Hi,)\n) = Zﬂfm 5 n(x, o) [1 F \b(z,20)8 - n| dx, (B.3)
T 1 — Z€

with n(z,z¢) = (3 — 2z — 23 /) and n(z,zo)b(z,z0) = 2 — 22 — \/1 — 22. Above, W, =
(mi+mz) /2m,, is the maximum positron energy, v = E./W, the reduced positron energy,
xo = me/We, the minimum reduced positron energy and 8 = /1 — ZL'% /x? has the usual
meaning. Typically, the approximation m./m, — 0 is employed, that results in the simpler
expression

dBR(u*, An) = %n(w) [1 5 \b(2,20)8 - n] dz, (B.4)

with © = 2E,/my, n(z) = 22%(3 — 2z) and b(z) = (1 — 2z)/(3 — 2x).

C Results in Dalitz decays

The resulting amplitudes for our CP-violating scenarios read

IME = —ie*q 2 FT (%) (g (K - 0) — guk) (17 ), (C.1)
7 H (AR (]
A CPu o | O E A 200 )0 u(yE - 2p v 5
M ieCe, [ % % b . (C.2)
Their interference with the SM amplitude in eq. (3.7) (Intx = 2 Re MSMMX) yield
1 N _
Intep, = —ZeGZIm Fmv*(s)F,%fﬁ (s)(m% — 5)%s7!
X [\/ 1 — B2sinO(Any, + AMiy) — cosO(An, + M) | (C.3)
1 4e'c
IntchH = —Zm [OZR Re F7]’Y’Y* (S) — Qg Im anw* (S)} s (04)

2In the second line, the result for integration over dQddz has been employed, that introduces e =
mZ [m2(m;, —m2)® + 6m), + 2mZmy, (1 + 61n(me/my))] (m2 + m,)~*. This is, modulo radiative correc-
tion effects, the SM result from chapter 58: “Muon decay parameters” of ref. [5] and implemented in
GEANT4.

— 14 —



where we introduced the following coefficients

ag = B, sin6 {nw [(m —s) [V/snz (B, — cos ) + 2my, sin O] + 2,6’#7’1253/2]
+iy [(m77 —s) [V/sn.(B, + cos ) — 2m, sinfn, | + Qﬁunzs?’/Q] } A\, (C.5)
ar = 2my(md — s) [~Anz (B, sin® 0 + 2 cos 0) + AR (B, sin® @ — 2 cos )]

n
— \V/ssinfn, [(m% —5)(Bucos —2) + ﬁi(m% —3s)]
+ M\ssin0ny, [(m) — s)(Bycosf +2) — B(m7 — 3s)] . (C.6)

Finally, we give here the analytic results for the asymmetries in terms of the phase space

integral
AL = N Wuxu)?)@ 1— 2 ds, (C.7)
. /\/zlﬁuazu I Fyy () (200 ) = (1 —3,)] (1= /132 ) s, (C:8)
At =2 ;Wf“ o (s) |24 8, 3 (15 )| s (C.9)
N/\/@lés 7o) Re e Fope ()8 (1 /1-82) ds, (C.10)
Al N WRanW()[QJr(BH—B;l) (1+g>}ds (C.11)

where we have introduced the common paremeter C = C/(e?*m, Fy+)? and

1

N = o [ W 9P )5 - G (©12)

The latter is, up to an « factor, the dyd, +-integrated version of eq. (3.9).

D Z boson contribution to Dalitz decay

In the SM, parity-violating contributions arise from an intermediate Z-boson state,

G :
iMZ = —26\/5 €uvpok” g7 (WP [(1 — 4sin? 0,,) +7°v) Fypy 2+ (¢2), (D.1)

where v2G = g2/ (4m},). The term without the 7° is analogous to the QED result modulo
form factor details and the s~! factor; the 4° term induces a parity-violating interference

2From eq. (2.4), C = (1.142(c{1 221 4 ¢2211) — 1.726¢2222) x 1074,

Lequ
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with the QED contribution. Particularly,?”

1etG
2Re MSMMZP = 16\/; (m2—5%)28, [{(nzmz)(ucos? 0)

— (ny+ny)sinfcoshy/1— ﬁﬁ} Re Fpyys Fpoy e — Siﬂ@{ (ngfy +nyny)sind
. (nxﬁz—knzﬁx)m cos@}sinHImew*FjS,YZ*}. (D.2)
Again, the full decay width can be obtained to be
dr Gr

T = W (1 — x,)*Budsdyde™ {aé Re FP'}”)/*FN’;'\/Z* +aIm pr*ﬁ’jﬁvz*} ,  (D.3)
Y

aé = (b3, — bB.)(1 4 cos?6) — (l_)By —bBy)sinfcoshy/1 — 3, (D.4)
0F = (BB, + BoBly) Sin?0 — (BB + BuB.) sincos 0, /1 — 22, (D5)

With these results at hand, one finds that the Z-boson parity-violating contribution results
in a non-vanishing asymmetry

- 1 GF

AL = —AL = MW/dS(l—LU“)gﬁi RGFP’}/«,*FE,yz*. (DG)
Regarding the form factor, we take its normalization from xPT at NLO (see refs. [11, 12])%®

. 1 Fhch +2V2F5 ¢
RN I S TR

(D.7)

where ¢§, = %(1+K28T3— 4sin%0,,c3), ¢ = (1+ K+ Ky — QSin29wcg), K31 = Ko(5m2 —
4m3.), and K58 = Ko(m%+m2)/2 and the mixing parameters are taken from [12]. Finally,
for its g?-dependence, we take a TFF analogous to that in section A with A = 0.57(7) GeV
and 0.90(4) GeV for the n and n/. This results from averaging the values that would be
obtained from a BL-interpolation formula [36] and from a resonance saturation approach
with weights given by mixing parameters similar to refs. [11, 30, 37]. As a result, we find
Ap = 6(1) x 107729 which is irrelevant for the expected statistics at REDTOP, and would
require of the order of 10'® 1 mesons for its observation.

E The nucleon scalar form factors

In this section, we introduce the nucleon scalar form factors Fév (g% = (Nyl|ag|Ny).
At ¢*> = 0, these are related to the o-terms. In the following, we average theoretical (if

2"Though at this step it cannot be compared to the results in ref. [35], that uses a different frame,
we compared intermediate steps against their result in eq. (9). We found agreement up to a minus sign
(we remark that they calculate the u" polarization, lacking the necessary terms to compare to our full
polarization amplitude).

2With this, we obtain Fz-(0,0) = 0.074(6) GeV~" and F,/,z«(0,0) = 0.19(1) GeV~"'.

?%This might be compared to ref. [35] results. Checking intermediate steps, we confirmed their results
except for an overall sign. Still, we find 2 orders of magnitude supression. This is due to the relevant scale
in the problem (2m, rather than m,) and the resolution power function b(z) < 1.
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Figure 5. Comparison of the half-width estimate for the — normalized — isovector form factor
(orange band) to that in ref. [46]. We also include the isovector (blue) and strange (purple).

available) and lattice results from ref. [38]3 (
theoretical input, for the isoscalar, o, = (N,|h(tuu + dd) | N,), we take those obtained?!
in ref. [40] and the o,y result in [41]; for the isovector, o3 = (N,|m(uu — dd) |N,), we
use both, those that can be obtained from ref. [40], and those appearing in ref. [42];32 for

enlarging errors if necessary). Regarding the

the strange one, 0§ = (N,|ms5s|Np), we restrict to the lattice results due to the large
theoretical uncertainties. This results in

o = 53(16), of = 2.9(1.0), of = —2.9(0.6), P = 54(5), (E.1)

in MeV units. Regarding the ¢>-dependency, we use the half-width rule [43], which proved
to provide excellent estimates for the form factors. Since at high energies F' év —-Q?) ~
Q0 [44, 45], we use three resonances. Following,®* we employ for the isoscalar channel
fo(500), fo(1370), fo(1500), for the isovector ap(980), ap(1450), ap(1950), and for the
strange one f,(980), fo(1500), fo(1710). In the following, we provide the central value for
the required form factors

piu(d) _ 7.57 0.41
Fg _(1+£)(1+£)(1+i)i(1+ F0 1 B0t ) (E.2)
1 3 4 3 X -
; 7.57 0.41
F”’“(d) _ . (Eg)
S )
(1+ L)1+ L)1+ L) (1+-L )1+ L)1+ %)
f1 f3 fa fo 74 7
; 0.57
Fé’vvs = q2 q2 q2 9 (E4)

where f12345 = fo(500,980,1370,1500,1710) and a; = ap(980,450,1950). For the sake
of illustration, we compare in figure 5 the prediction for the (normalized) isoscalar form
factor to that in ref. [46], obtaining an excellent agreement (note that ref. [46] provides a
reasonable estimate up to energies around 0.5 GeV).

39Gee also updates from Lattice 2018.

31The relation to this matrix element is outlined in ref. [39].

32In doing so, we use the value arising from a xPT-based analysis mgq/m, = 0.553(43) [5] rather than
lattice.

33See chapter 69: “Scalar mesons below 2 GeV”of ref. [5].
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