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Appendix A

HNL production from hadrons

The calculation of the weak decays involving hadrons is summarized in [290]. In the
absence of QED and QCD corrections the effective weak interaction Lagrangian at
low energies can be written as

Eweak = Ecc + an (AOl)

where the charged current terms have the form

2
Lo = CF S Vupdih +> It (A.0.2)
V2 U,D ¢
where
Jih = Dy (1 =), (A.0.3)
T = 0y (1 — 4%y, (A.0.4)

and Vyp is the CKM element which corresponds to the quark flavor transition in the
hadronic current. For the neutral current, the interaction has the same form

Gr (= o)
Lo = % (2}; Jt ) : (A.0.5)

where summation goes over all fermions,

IO = fyt(vp —apy) f, (A.0.6)
Vf = ]3f — 2Qf sin2 Qw, af = Igf (AO?)
and 5y is the fermion isospin projection and @)y is its electric charge (Q. = —1). In

the following Sections we describe different processes with HNL and hadrons.
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A.1 Leptonic decay of a pseudoscalar meson

Consider a decay of pseudoscalar meson h into charged lepton ¢ and HNL:
h— ¢+ N, (A.1.1)

see left diagram in Fig. 3.2. The corresponding matrix element is given by

G
M = ZEV 1 (0] e 1) {6 ] Jo [0). (A12)
V2
where the corresponding quark contents of meson h is |h) = ‘U D>. In order to

fix the notations we remind that the charged meson coupling constant, f,, for a
pseudoscalar meson constructed from up (U) and down (D) type quarks is defined
as

(O Jgp 11y = (0] U5 D |h) = ifup (A.1.3)

where p,, is 4-momentum of the pseudo-scalar meson i. The numerical values of the
decay constants for different mesons are summarized in Table C.2.
After standard calculation one finds the decay width of this reaction

G2 f2m3 9
F(h — éaN) = $|VUD|2|UOC|2 |:y]2\f —f—y? - (yJQV - y?) i| \Y; )‘(17y]2\f7yl?)a (A14)

where y, = my/my, yy = My /my, and X is given by (3.1.12).

A.2 Semileptonic decay of a pseudoscalar meson

The process with pseudoscalar or vector meson A/, Sy in the final state
h = hpyy + L+ N, (A.2.1)

is mediated by the current that has V' — A form (see right diagram in Fig. 3.2).
h> depend on the type of

final meson A’ [291]. In the case of a pseudoscalar meson only the vector part of the

Properties of the hadronic matrix element <hjP /V‘ I tvon

current plays a role:

(W) Vulh(P)) = f+(@) P+ D)+ [-(¢*)qu =

m? —m?2, m2 —m?,
= f+(q%) (pu +p; - %qu) + fo(QQ)%qu (A.2.2)

where ¢, = (p — p’), is the transferred momentum and
2

fol@®) = [1(¢%) + ———5F (¢, (A.2.3)

mh - mh/
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For the case of a vector meson hj, in the final state both vector and axial part
of the current contribute. The standard parametrization with form factors is

(hy (e, D) V* [h(py)) = ig(¢*)e" s (p+ 1 )o(p — D)y, (A.2.4)

(A (e.0) Ay [h(po)) = F(a*)e,+ar (@) (€ p) (p+p)uta— () (€ p) (p—p ), (A.2.5)

where €, is the polarization vector of the vector meson hj,.

Using matrix elements (A.2.2-A.2.5) it is straightforward to calculate decay
widths of the reactions. In the case of pseudoscalar meson b, we follow Ref. [219]
and decompose the full decay width into 4 parts,

Gth
6473

where Ip1, Ips depend on |f4(¢?)|?, Ips on |fo(q?)|* and Ips on Re (fo(q*)f1(q?)).

It turns out that Ip, = 0 and explicit expressions for others are

T'(h — Wplo,N) =

of ’VUDIQ\UOJQ (Ip1+Ipa+Ips+1pa4), (A.2.6)

(1_yh’)2
= [ SR, (A2.)

(yet+yn)?

(1*yh/)2
Ipy = 253\f+( )P AE)G- (AL, i, &), (A.2.8)

(yetyn)?

(l—yh/)Q
o= [ Sslf@PAOC 0 -, (429

(yetyn)?

where

A(€) = N2(L, g ONT(E y i), (A-2.10)
G(©) =& (R +v7) — (a—w)" (A-2.11)
Y = i q_2 and function A(a,b,c) is given by (3.1.12). Ck is the Clebsh-

mh mh
Gordan coefficient, see for example [292, (14)] and [293, (2.1)], Cx = 1/v/2 for
decays into 7° and Cx = 1 for all other cases.
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For the decay into vector meson the expression is more bulky,

2
Gth

64m3m
+ Iy g + Iv,ga+ + Ivga + Ivga, + Ivja. + ]VML), (A.2.12)

Dl = HobaN) = g b ChlVion PlUa (e + Tvge + T + Ty +

where Iy ¢ are parts of the decay width that depend on the F'G form factors combi-
nation' and Cf is the Clebsh-Gordan coefficient, C'x = 1/+/2 for decays into p° and
Ck = 1 for all other cases in this paper. It turns out that Iy ¢ = Ivge, = Iv,ga. = 0,
the other terms are given by

(1- y/

242, d
Iy = " SREIMOF(E (268 - GL(6)). (A.2.13)
(yetyn)?
) (1—y1)? J
Iy p2 = a2 é 2(¢*)A (&) %

(ye+yn)?

x (3F(©) [ = (v - d)"] - 22O + 12006 262 - G (9)]) . (A219)

(1—yh/)
oy =52 [ BR@NOFE (FO 26 - 6] +36-©O 1 - ]7)
(yet+yn)?

(A.2.15)

'In this computation we take all form factors as real-valued functions.
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(1_yh’)2

2
oo = [ @AOF©6-(©), (A.2.16)
(yet+yn)?
(1*yh/)2 d
=75 [ GH@a NG
(ye+yn)?
x (3¢F(©G-(&) + (1 =€ =) [3F(©) (€= (uF —u})") —A°
. vh) [3F(©) (€ - (- wh)") - 2%9)]) .
(A.2.17)
(1—ypr)?
d
=7 [ G0 @NOFEG-(C) (A2.18)
(yet+yn)?
(1=yp)?
> d
Row =" [ Gol@)@AOFOG-©) (1= 1h) (A2.19)
(ye+yn)?
where the notation is the same as in Eqs. (A.2.7-A.2.9) and
F(&) = (1 -8 = 2yp (L +&) +yp, (A.2.20)
G (&) =& Wh+ud)+ (W — )" (A.2.21)
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Appendix B

HNL decays into hadronic states

B.1 Connection between matrix elements of the unflavored

mesons

B.1.1 G-symmetry

An important symmetry of the low-energy theory of strong interactions is the so-

called G-symmetry which is a combination of the charge conjugation C' and rotation

of 180° around the y axis in the isotopic space f%y.l The operation of charge conju-

gation acts on bilinear combinations of fermions f;, f, as follows:

Chf= fh,
Cf175f2 f275f1,
Cfﬂufz = _f27,uf17

Cfl%%ﬁ fz%%fl

R, acts on the isospin doublet as

d75u> = Ry |uysd) = — |J75u> =— |7r+>
d’75d> =

\/_ }u%u —

(B.1.5)

(B.1.6)

(B.1.7)

!The latter corresponds to the interchange of u and d quarks with an additional phase, see

Eq. (B.1.5) below.
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Current jX’S jX’JFO_ ]-;:1,5 jﬁl’+0_
G-parity | — + + —

Table B.1: Properties of axial and vector currents under G-symmetry.

so any pion is an odd state under G-symmetry. As a consequence, for the system of
n pions

Gnm) = (=1)"|n7) . (B.1.8)

For p mesons, which are vector isovectors, G-parity is positive,

G|pt) = R,C|dvyu) = R, [uv,d) = |dy,u) = |pt), (B.1.9)
A o1 A1
G ,00> = RyCE ‘ﬂ%u dvud> Ryﬁ |u'yu d%d>
1 -
-7 |\uy,u — dyud) = [p°), (B.1.10)

while for a; mesons, which are pseudovector isovectors, G-parity is negative,

~

Glaf) = R,C
R,C

d%75u> R |uy,ysd) = |d%ﬁ5u> ‘a1> (B.1.11)

\/—\uw%u dyysd) = yﬁ\ﬂw%u—dw%@:

G a}) =
= —E |ﬂ7“75u — dyysd) = {a1> (B.1.12)
B.1.2 Classification of currents

Unflavored quarks system interacts with electromagnetic field, W- and Z-bosons
through currents

2 1-

JEM 3u7“ gd%d, (B.1.13)

JV =1y, (1 = 75)d, (B.1.14)

JZ Wy, (v — ay¥s)u + dyu(va — aas)d, (B.1.15)

where
1 4 1
Vy = 5 — gSiIl2 QW, Ay, = 57 (B]_].6)
1 2 1
Vg = —§+§sin29w, ag — —5. (Bll?)

To divide the currents (B.1.13)-(B.1.15) into G-odd and G-even parts let us
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introduce isoscalar and isovector vector currents

Vs r 7
it = E(u%u + dv,d), (B.1.18)
. L =
J;Y’O - E(U’mu — dyud), (B.1.19)
j/‘f-i_ = CZ’}/#U, j;/’_ = H’Yudv (B120)

and isoscalar and isovector axial currents

As I, 7
gt = 75 Wt ), (B.1.21)
. T, 7
gl = ﬁ(mmu — dyu75d), (B.1.22)
j;” _ J%%% j;"_ = uy,ysd. (B.1.23)

Currents (B.1.18)-(B.1.23) have a certain G-parity presented in Table B.1. Using
these currents one can rewrite physical currents as

1 1
JEM _ Vo 4 'V,s’ B.1.24
N WO (B.1.24)
J;‘L/V _ j;/,— _ j;"_, (B125)
1—2sin? 6y V2sin® Oy o, 1
N A i (B-1.26)

B.1.3 Connection between the matrix elements

G-even part of the currents (B.1.24)-(B.1.26) belongs to one isovector family, there-
fore there is an approximate connection between matrix elements for the system of
even number of pions or p-meson,

1
EM ~ w ~
(0] J, [2n7/ p) =~ 7 (O] J; [2nm/p) =~

The special case to mention here is the [27°) state. In V77" vertex, where V = ~/Z,

T=osmzgy (O om/p). (B.L.27)

system of 2 pions should have total angular momentum J = 1. Pions are spinless
particles, so their coordinate wavefuction has negative parity which is forbidden by
the Bose-Einstein statistics. Therefore

(O] M |27%) = (0] J7 |22°) = 0. (B.1.28)

This result is equivalent to the prohibition of the p® — 27% decay.

G-odd parts of the currents (B.1.24)-(B.1.26), see Table B.1, belong to one
isoscalar and one isovector families, so there is only one relation between matrix
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elements for the system of odd number of pions or for a;-mesons,

1 )
7 (O] 7 1(2n + D)7 /ar) = (0] J7 |(2n + 1)7/ar) +2sin® Oy (O] S5 [(2n + D)7 /aq) -
(B.1.29)
The last formula can be simplified in the case of the one-pion or a; state. The direct
interaction between photon and 7 is forbidden because of the C' symmetry, while
photon-to-a; interaction violates both P and C' symmetry. Therefore, the matrix
element (0] J7™ |7/ay) = 0 and
1

E (0| JZV |7 /ay) ~ (0| Jf |m/ay) . (B.1.30)

All the approximate relations discussed above hold up to isospin violating terms
of order (M + — myo)/my ~ 3.4%.

B.2 HNL decays to a meson and a lepton

There are 4 types of these decays: N — £, + hp)y and N — v, + hpyy, where hp
and hy are pseudoscalar and vector mesons respectively. Reaction N — ¢, + hp is
closely related to the process calculated in Section A.1. It utilizes the same matrix
element and differs only by kinematics. Using the same notation, the decay width is

DN s tohp) = SEIM oy [(1=a2)" = a3+ 2| (/A 03, 22),
167
(B.2.1)
where xp, = my, /My, x; = my/My and function A is given by eq. (3.1.12).
In the case of the neutral current-mediated decay N — v, + hp the hadronic
matrix element reads (see Section C.1.1 for details)

(0] J7 |n}) = —i%pu, (B.2.2)

where p,, is the 4-momentum of the pseudo-scalar meson A, JMZ current is given by
Eq. (B.1.15). The decay width is

G fiMy

F(N — I/ahp) = 307

U2 (1—a2)?, (B.2.3)

where x, = my, /My and f;, are neutral meson decay constants presented in the right
part of Table C.2.

Consider the process N — £, + hy. For the vector meson the hadronic matrix
element of the charged current is defined as

0| JEp |hv) = ignet(p), (B.2.4)
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where e#(p) is the polarization vector of the meson and g, is the vector meson decay
constant. The values of the g;, are given in Table C.3. Using previous notations, the
decay width of this process is

(N — 0 h) =

GV PIUEMY (1 s a
167m3 ((1—%) +””h(”ﬂ%)—?l“h) ALz, 27)-

(B.2.5)

Finally, to calculate the HNL decay width into neutral vector meson N — v,+hy
we define the hadronic matrix element as

O T 1) = =222 ), (B.2.6)

where g, is the vector meson decay constant and kj is the dimensionless correction
factor, their values are given in Table C.3. For the decay width one obtains

Ghrngp|Ual* MY,

32mm3

T(N = vahy) = (1+242) (1-22)". (B.2.7)

B.3 HNL decays to a lepton and two pions

For the case of 2 pions the matrix element of the axial current is equal to zero, so
the general expression for matrix element is (c.f. (A.2.2))

() Ju|m(p)) = (@) + D)+ f-(6)dp, (B.3.1)

where J, is one of the currents (B.1.13)-(B.1.15) and ¢, = (p — p’),. Because of the
isospin symmetry (B.1.27) the form factors are related as

1 1
EM W z
~—f N — B.3.2
Electromagnetic current conservation g,J/* = 0 implies fEM(¢?) = 0. Therefore
all the matrix elements could be expressed via a single form factor, called pion
electromagnetic form factor,

(m()| TN 7 (p)) = Fa(@®)(p + ) (B.3.3)

Pion electromagnetic form factor is related to the cross section of reaction ete™ —

27 as
2

o(ete™ — 2r) = %55;(3)@(3)\2, (B.3.4)

where S.(s) = /1 —4m2/s, so it is well-measured experimentally. There is a
lot of data on electromagnetic form factor [294-299], which agree with each other.
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Figure B.1: Pion form factor squared, |F,|?. Left: Fit to the BaBaR data [294]
using the vector-dominance model (blue line). Right: Zoom to the energies around

Vs~ my,.

o
%0
[

Figure B.2: Diagram for the HNL decay into 2 pions.

Good description of the data is given by the vector-dominance model (VDM), see
Fig. B.1 [294] and Appendix E for model description.

Using matrix elements described above it is easy to find the decay widths of
N — {7t and N — yym™n~ (see Feynman diagrams in Fig. B.2),

(Myn—my)?
G2 M3 q2 q4
0 F N 2 2 2\2 2
DY = ') = SN [ (=22 ) - 250 )
4m2
2
(10 ) BN RaR (B39)
MN
G2 M3
(N = vy,mtn) = 7587Tév |Ua 2 (1 — 25sin? Oy ) x
M
X / (1 - Q—Z)Q (1 + 2—(’2) B2 Fx(¢*)Pdg®,  (B.3.6)
4 MN MN

where x, = % and the function A is given by (3.1.12). The decay width ['(N —
N
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vom°7Y) = 0 because of Eq. (B.1.28).

Using the VDM model, formula (B.3.5) and lifetime of the 7-lepton we have
calculated the branching ratio BR(t — v,m %) = 25.2% which is close to the
experimental value 25.5%.

The decay into 2 pions is significantly enhanced by the p-resonance. It turns out,
that this is the dominant channel, see Fig. 3.15 comparing the decay width of HNL
into 2 pions and into p-meson. Therefore, one can replace the decay into 2 pions

with 2-body decay into p-meson.
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Appendix C

Phenomenological parameters

In this Section we summarize parameters used in this work. Values of the CKM
matrix elements are given in Table C.1.

Vud Vus Vub chd ‘/cs ‘/cb
0.974 | 0.225 | 0.00409 | 0.220 | 0.995 | 0.0405

Table C.1: CKM matrix elements [222] adopted in this work.

C.1 Meson decay constants

The decay constants for charged pseudoscalar mesons are defined by Eq. (A.1.3),
the values of f;, (Table C.2) are measured experimentally and/or obtained by lattice
calculations [300].

Meson decay constants for the mesons with the same-flavor quarks are defined by
Eq. (B.2.2). There is a discrepancy regarding their values in the literature, therefore
we have computed them directly (see Appendix C.1.1). The results of these compu-
tations are given in the right column of Table C.2. The meson decay constants for
neutral mesons consisted of quarks of different flavors (such as K° D° B° B,) are
not needed in computing HNL production or decay, we do not provide them here.

For vector charged mesons the decay constants g, are defined by Eq. (B.2.4). In
the literature they often appear as f;, connected to our prescription by mass of the
meson gy, = frmy. Their values are presented in Table C.3. For vector neutral mesons
the decay constants g, and dimensionless factors x;, are defined by Eq. (B.2.6). Their
values are presented in Table C.3 as well.
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For | 130.2MeV [300] | [ foo | 130.2MeV?
fi+ | 155.6MeV [300] | | f, | 81.7MeV?2
foe | 212MeV [300] | | fy | —94.7MeV 2

[300]

[300]

[301]

fo. | 249MeV fro | 237MeV3
fB+ 187 MeV
fs. | 434MeV [301

Table C.2: Decay constants of pseudoscalar charged mesons (left table) and pseu-
doscalar neutral mesons (right table).

h | gn |GeV? Kn
g+ | 0.162GeV? [302]* P° 0.162 1 — 2sin? Oy°
gp+ | 0.535GeV? [303] w | 0.153[238] |  gsin®fy
gp+ | 0.650 GeV? [303] ¢ | 0.234 [302] | 3sin®Oy —1
J/¢ | 1.29 [304] | 1 — Ssin® Oy

Table C.3: Decay constants of vector charged mesons (left table) and vector neutral
mesons (right table). Decay constants for Df,) mesons in [303] show large theoretical
uncertainty, we quote only the average value here.

C.1.1 Decay constants of  and 1’ mesons

To describe HNL decays into n and 1’ mesons we need to know the corresponding
neutral current decay constants, that we define as (B.2.2)

O] JZ|hp) = —Z’ﬁpu,

V2
where p,, is the 4-momentum of the pseudo-scalar meson A, JHZ current is given by
Eq. (B.1.15). The choice of the additional factor (—1/+/2) is introduced in order to
obtain fro = fr+ and fro > 0, see discussion below. Taking into account that for
pseudoscalar mesons only axial part of the current contributes to this matrix element
we can write the matrix element as

(O] J7 |n%) = (0l v,/ M q |hD) (C.1.1)
where
u L[~ 00
g=|d]|, MN= s 01 o) (C.1.2)
s 0 0 1

Tt should be equal to f.+, according to Eq. (B.1.30).
2See discussion in Section C.1.1.
3See discussion in Section C.1.2.

4See discussion in the section C.1.3.
5See Eq. (B.1.27).
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The relevant decay constants are f° and f®, they come from the set of decay constants
extracted from experiments defined as [305]

(O] T [h) = i fipps (C.1.3)

a

A
where Jj = g7’ —=q with A\* being the Gell-Mann matrices for a = 1...8 and

V2

5 (1 00
A0 = (0 10 (C.1.4)
0 0 1

The overall factor in A is chosen to obey normalization condition Tr(\®\?) = 259,

Within the chiral perturbation theory (xPT) (see [306] and references therein),
the lightest mesons correspond to pseudo-Goldstone bosons ¢%, that appear after
the spontaneous breaking of U (3) x Ug(3) symmetry to group Uy (3). States ¢* are
orthogonal in the sense

O J5 8" = ifpus [ = fi6® (C.1.5)

where and f;! are corresponding decay constants. Using

1 0 0 c (1 00
M=10-1 0], P {0 1 o), (C.1.6)
0 0 0 0 0-2

we can rewrite the axial part of the weak neutral current (B.2.2) as a linear combi-
nation of the J9, J? and J;

77,7 N\ q = L (JS S J3) (C.1.7)
and f, is given by
fh=f2+f—’§—f—’?. (C.1.8)
V3 V6
For example, 7 meson corresponds to ¢* state in xPT, so f% = f% = 0 and

Eq. (C.1.8) gives fro = f3 = fr+ because of the isospin symmetry, in full agreement
with Eq. (B.1.30).

For n and 7' the application of Eq. (C.1.8) is not so straightforward. These
mesons are neutral unflavored mesons with zero isospin and they can oscillate be-
tween each other. So n and 7’ do not coincide with any single ¢* state. Rather they
are mixtures of ¢° and ¢® states. In real world isospin is not a conserved quantum
number, so ¢ state also should be taken into account, but its contribution is negli-
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gible [307], so we use f7 = f3 = 0. Another complication is U(1) QCD anomaly for
JS current that not only shifts masses of corresponding mesons but also contributes
to the f) meson constant. To phenomenologically take into account the effect of
anomaly it was proposed to use two mixing angles scheme [308],

fs fﬁ _ fscosbs —fosinby
(fS/ f,?/) B (fgSin98 fo COSHO) ' (C.1.9)

Taking parameter values from the recent phenomenological analysis [305],
fs=127(12)fr, fo=114(5)f,, 6s=—21.2(1.9)°, 6y =—-6.9(2.4)°, (C.1.10)
we find

fy = 0.63(2) f, ~ 81.7(3.1) MeV, (C.1.11)
f = —0.73(3) f ~ —94.7(4.0) MeV. (C.1.12)

These numbers should be confronted with the values quoted in [218] and [238].

C.1.2 Decay constant of 7. meson

The decay constant of 7. meson is defined as [309]

0]y~ clne) = ifo®p”, (C.1.13)
where f™P = 335MeV, as measured by CLEO collaboration [310]. Our defini-
tion (B.2.2) differs by a factor v/2, so f,, = f;fp/\/ﬁ ~ 237MeV.

C.1.3 Decay constant of p meson

There are 2 parametrizations of the p charged current matrix element using g,,
defined by (B.2.4), or f,, which is related to g, are f, = g,/m,. The value of the
decay constant can be obtained by 2 methods: from p — eTe™ using the approximate
symmetry (B.1.27) or from the 7-lepton decay. Results obtained in Ref. [302] by these
two methods differ by about 5%, f,.. = 220(2) MeV and f,, = 209(4) MeV. We
calculate

G’%ng?) m2 m2 2
I(r— = Ty Pl1+2—L)[1-—2L C.1.14
(7= vp) = otV (1rome) (1-22) (C.1.14)
€4g2
T(p—ete)= m, (C.1.15)

p

and get g,, = 0.162 GeV? and Gpee = 0.171 GeV?, which corresponds to for =
209 MeV and f,.. = 221 MeV in full agreement with [302]. The difference between
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these results can be explained by the relation B.1.27 being approximate. So we use
Jp+ value as more directly measured one. The results of our analysis agrees with
f, value in [238] (within about 10%), but differ from the value adopted in [218] by
~ 25%.

C.2 Meson form factors of decay into pseudoscalar meson

To describe the semileptonic decays of the pseudoscalar meson into another pseu-
doscalar meson one should know the form factors fi(¢?), fo(q?), f-(¢?) defined by
Eq. (A.2.2), only two of which are independent. We use the f(¢?), fo(¢?) pair for
the decay parametrization.

In turn, there are many different parametrizations of meson form factors. One
popular parametrization is the Bourrely-Caprini-Lellouch (BCL) parametrization [311]
that takes into account the analytic properties of form factors (see e.g. [312, 313]),

N-1

F6) = 1 | ()" = (-1 5 ela?) (C2.1)

1- q2/ pole n=0

where the function z(¢?) is defined via

E\/iv_qlv _io (C.2.2)
—q? Vit —to

with
t+ = (mh + mh/)Q. (023)

The choice of ¢y and of the pole mass M. varies from group to group that performs
the analysis. In this work we follow the FLAG collaboration [313] and take

to = (mn + muw) (vV/mn — mw) ™. (C.2.4)

The coefficients a; and a2 are then fitted to the experimental data or lattice results.

C.2.1 K meson form factors

Form factors of K — 7 transition are well described by the linear approximation [314,

315]
2

FE5(d?) = fE5(0) (1 + A+,0ﬂ32 ) : (C.2.5)

Tt

The best fit parameters are given in Table C.4.
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h, W' | fi0(0) Ay Ao
K% 7t | 0.970 | 0.0267 | 0.0117
K+, 7% | 0.970 | 0.0277 | 0.0183

Table C.4: Best fit parameters for the form factors (C.2.5) of D — 7 and D — K
transitions [313-315].

C.2.2 D meson form factors

In the recent paper [316] the form factors for D — K and D — = transitions are
given in the form

F0) = e(o(a?) — 20) (1 + 22

fla*) = TP : (C.2.6)

where zy = 2(0). The best fit parameter values are given in Table C.5.

f ] fO) | ¢ [P(GeVT?)
PR 10.7647 | 0.066 0.224
DK 10.7647 | 2.084 0
Dm10.6117 | 1.985 | 0.1314
P 10.6117 | 1.188 | 0.0342

Table C.5: Best fit parameters for the form factors (C.2.6) of D — 7 and D — K
transitions [316].

Form factors of Dy — 7 transition read [317]

stn(q2) — fsn(o) (C 2 7)
+ (1_q2/m%z> <1_a£an2/m2D;)a 2.
Dsnys 2\ f(?m(o)

fO (q ) - 1— onDan2/m%;7 (CZS)

where fP*7(0) = 0.495, o}*" = 0.198 [317], mp: = 2.112GeV [222]. Scalar form
factor f1*"(¢®) is not well constrained by experimental data, so we take fi*"(¢?) =
f2(g?) by Eq. (A.2.3) and of*" = 0.

C.2.3 B meson form factors

Most of B meson form factors are available in literature in the form (C.2.1), their
best fit parameter values are given in Table C.6. The form factors for By — D, are
almost the same as for B — D transition [318], so we use the same expressions for
both cases.
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f pole (GGV) QAo aq as

Frove 00 0.909 | —7.11 | 66
frebe % 0.794 | —2.45 | 33

BE 1 mp. =5.325 0360 | —0.828 | 1.1
% | mpe+) =5.65]0.233 | 0.197 | 0.18
2 mp- =5.325 | 0.404 | —0.68 | —0.86

57 | 'mpr) = 565 | 0.490 | —1.61 | 0.93

Table C.6: Best fit parameters for the form factors (C.2.1) of B — 7, By — Dy
and B, — K transitions [313].

C.3 Meson form factors for decay into vector meson

One of the relevant HNL production channels is the pseudoscalar meson decay hp —
hi¢,N. To compute the decay width one needs to know the form factors g(q?),
f(q*), a+(q?), defined by Eqgs. (A.2.4, A.2.5). The dimensionless linear combinations
are introduced as

V" (¢%) = (my, +mi) " (¢), (C.3.1)

A (¢%) = ﬁ (f”h'( )+ ™ (@) + (mi — miy) af (¢ )) , (C.3.2)
hh' (2

A (%) = —W{h +(Zni,, (C.3.3)

A (q?) = = (mp + my) d? (). (C.3.4)

For these linear combinations the following ansatz is used

hh' (i
V() = (1 — ¢2/(Ml)? ) [1 ol g2 [ (M])? — ‘@h/q4/(M‘;})4} ) (C.3.5)
, fhh’
Ahh 3
@)= e - ey - apaany] (O
hh' fﬁ};;z
A1/2( ) 1 — O_Z}lblm 2/(M{}) Q}flm 4/( ) (037)

Best fit values of parameters are adopted from papers [319-321]. f, o parameters are
given in Table C.7, while £ and the pole masses My and Mp are given in Table C.8.
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A A A s R s R
D,K* | 1.03 | 0.76 | 0.66 | 0.49 0.27 0.17 0.30 | 0.67
B,D* | 0.76 | 0.69 | 0.66 | 0.62 0.57 0.59 0.78 | 1.40
B,p 10.295 | 0.231 | 0.269 | 0.282 | 0.875 0.796 | 0.54 | 1.34
B,,D; | 095 | 0.67 | 0.70 | 0.75 | 0.372 | 0.350 | 0.463 | 1.04
By, K* | 0.291 | 0.289 | 0.287 | 0.286 | —0.516 | —0.383 0 1.05

Table C.7: First part of the table with parameters of meson form factors (C.3.5-
C.3.7) of decay into vector meson [319-321].

hh

hoh' | g L L | Y | ME(GeV) | M (GeV)
D,K* | 0 0 | 020 | 0.16 | mp, = 1.969 | mp; = 2.112
B.D* | 0 0 0 | 041 | mp, = 6275 | mp: = 6.331
B,p | 0 |0055] 0 | —021 | mp=5279 | mpg = 5.325
B,,D: | 0.561 | 0.600 | 0.510 | 0.070 | mp, = 6.275 | my: — 6.331
B, K*| 210 | 1.58 | 1.06 | —0.074 | mp, = 5.367 | mp: — 5.415

Table C.8: Second part of the table with parameters of meson form factors (C.3.5-
C.3.7) of decay into vector meson [319-321]. Masses of B., Ds and D* are taken
from [222], while for B} theoretical prediction [322] is used.
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Appendix D

Production from J/¢) and T mesons

D.1 Production from J/

The process J/1) — Nv allows to create HNLs with masses up to My ~ 3.1GeV
and therefore contribute to the production above the D-meson threshold.

To estimate BR(J/1) — N7) let us first compare the processes J/1 — ete™ and
J/1 — veU,. The ratio of their width is given by [323]

BR(J/v = vp) _ 21GEMy), ( 8
3

2
BR(J/¢ = cte-)  256n%a? \' 3 sin” 9w> ~4.5%x 1077 (D.1.1)

with the precision of the order of few per cent [323]. Using the measured branching
ratio BR(J/¢¥ — ete™) ~ 0.06 [222], one can estimate decay into one flavor of
neutrinos, BR(J/1 — v.i.) =~ 2.7 x 1078, The corresponding branching of J/1 to
HNL is additionally suppressed by U? and by the phase-space factor fpg:

> BR(J/t = Nv,) = U fps(My /M) BR(J /1 — vT) (D.1.2)

We estimate this fraction at My = Mp (just above the D-meson threshold)
taking for simplicity fpg = 1. Clearly, at masses below Mp the production from D-
mesons dominates (as the J/1¢ production fraction f(.J/¢) ~ 0.01, see [110, Appendix
AJ, reproduced for completeness in Appendix 4.1.1). Above D-meson mass but below
M,y we should compare with the production from B mesons. We compare the
probability to produce HNL from B-meson and from .J/v:

HNLs from J/v¢  Xee % [(J/1) X BRyjyone
HNLs from B X, x f(B) x BRg,yx

X.. 1077
=3x107* < - D.1.3
0 (555) () 019
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where we have adopted f(B) x BR(B — N + X) ~ 1072 (c.f. Fig. 3.4, right panel)
and used f(J/v) ~ 1072, The numbers in (3.1.6) are normalized to SHiP. We see
therefore that J/v decays contribute subdominantly while X,;/ Xz = 1078,

D.2 Production from T

The heavy mass of T opens up a possibility to produce HNLs up to My ~ 10GeV.
Similarly to Eq. (D.1.1) we can find the branching ratio BR(T — vv) = 4 x
107*BR(T — eTe™) [323]. Therefore

27G2 M2

BR(Y — N7,) = U2 fps(My/My) i

2
(—1 + Zglsin2 9W> BR(T — ete™)

(D.2.1)
Using the latest measurement BR(T — eTe™) ~ 2.4 x 1072 [222] one finds that
BR(Y — v) ~ 107°. We do not know the fraction f(Y) out of all bb pairs, but one
can roughly estimate it being equal to the fraction f(J/v) ~ 1% (see Appendix 4.1.1
in [110]), so

U2
Ny Ny = 10_10NT X (10_5) (D.2.2)

where we have normalized U? to the current experimental limit for My > 5 GeV
(c.f. Fig. 3.1).
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Appendix E

Vector-dominance model

Here we provide the F;(s) formula, given by the vector-dominance model [294]

14+cy

| BWSS(s) PV e BWGS(s) + ¢ BWSS (5) + ¢, BW S (5)

Fr(s)
1 —|— Cp/ + CP" + Cp///

9

(E.0.1)

where ¢; = |¢;|ei are the complex amplitudes of the Breit-Wigner (BW) functions.

They are different for w and p mesons. For w it is the usual BW function

m2

BWKS(s) = = :

5 ‘
m2 — s —imyL',

while for p mesons the Gounaris-Sakurai (GS) model [324] is taken,

my (1 +d(m,,)Ty, /m,,)

GS(o) —
BWpi (S) N m%z —s+ f(S, Mp;; FPi) - impiF(s, Mpis Fﬂi)’
where

. S B?T(S) ’

['(s,m,T') = Fﬁ B.(m2))
I'm?
f(s,m,T) = k3 (m?) [K%(5) (h(s) = h(m?)) + (m* — s)k*(m*)h'(m?)]
/Bﬂ(s) = L - 47?.:%’
3 md (4 2k(m?) m Ml

(s) = 5 V/30:(5),

hs) = %k\(/? In (\/E;ff(s))

and h/(s) is a derivative of h(s).
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Appendix F

Estimation of the upper bound
width

In this Section we estimate the ratio between Uy, and Ui, as defined in Sec-
tion 5.1.3.1.

The decay probability (5.1.9) can be rewritten in the form

Pdecay ~ /dEXfEXe_ltarget-detFMX/EX — /dEXe—g(Ex)’ (FO].)

where for clarity we have assumed fg, to be dimensionless, and g(Ex) = liarget-det ] x Mx/Ex—
In(fg, ). Using the steepest descent method, one arrives at

27T 7g(Epeak)

—e X F.0.2
—g"(EX™) o

Pdecay ~

ER™ is determined by the extremum criterion ¢'(E%*) = 0. For the exponential

—Exé

spectrum of the form fz, = foe the integral and the peak energy are

Liarget-det ] x M peaky | B
Eg(eak = \/ targ tddt X X, Pdecay ~ ﬁf0€_2EX K )((5 ) (F03)
while for the power law spectrum fz, = foE” they are
ca larget-det ] x M 2T . o peaks —a
presk — toreetdet” XX P e &) foe* (BRR) (F.0.4)
o' o
Expressing then I'x oc U? and U? = U2, (Mx) X R, one immediately arrives
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at (F.0.5).

102 (for /(5 ()3 Nproa (M, USHEP (My) )

Uiop " (M) = U™ (M) Y . (F.0.5)
a—2
o 2
Up ™ (My) ~ UI?{QAXAT(MN)@ ( ngrod(MM UMQ{T(MN)O : (F.0.6)
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