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Abstract: The recent measurements on Rk and R, imply that there exists a possible violation of the leptonic flavor

universality which is one of the cornerstones of the Standard Model. It is suggested that a mixing between sterile
and active neutrinos might induce such a violation. In this work we consider the scenarios with one or two sterile

neutrinos to explicitly realize the data while the constraints from the available experiments have been taken into

account. Moreover, as indicated in literature, the deviation of the real PMNS matrix from the symmetric patterns

may be due to a p-T asymmetry, therefore the measurements on Rp(p,jen=1"(D(Ds)—e*ve)/I'(D(Ds)—ptv,) and
Rpmoue=1(D(Ds) = ptvy)/I'(D(Ds)—1tvs) (and for some other heavy mesons B* and Bc etc.) may shed more
light on the physics responsible for the violation of the leptonic flavor universality. The data of BESIII are available

to test the universality and that of future charm-tau factories will provide more accurate information. In this work,

we will discuss Rp(p,)en and Rpp,)ur in detail and also briefly consider the cases for B* and B..
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1 Introduction

The property that couplings of leptons to gauge
bosons are independent of lepton flavors is called lep-
ton flavor universality (LFU), which is embedded in the
Standard Model (SM) and any violation of LFU may be
induced by new physics beyond the SM. Taking leptonic
decays of W boson W—1lv, (I1=e, u, T) as an instance,
ratios of the branching fractions measured at LEP II [1]
are

B(W—v,)/B(W—¢ev,) = 0.997+0.021, (1)
B(W—1v,)/B(W—eV,) = 1.05840.029,  (2)

B(W—1v,)/B(W—p¥v,) = 1.061+£0.028.  (3)

corresponding to 0.1, 20, and 2.20 deviation from the
SM predictions. The issue of T lepton universality was
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also discussed in Ref. [2] in the framework of effective
field theory. Besides, leptonic decays of mesons also pro-
vide a possibility to test LFU where the uncertainties in
the hadronic sector are cancelled. In literature the ratios
are suggested to be measured

I'(Pt—atv,)
TP = Bv,)’ )

where P=m, K, D, D, B, B, and «, 3=e, 1, T. In order
to clearly demonstrate deviation of the measured value
Rpws from the SM predictions REY,, a parameter Arp,g
is defined as

RP(XBE

exp

LA (5)

A'f‘paﬁ =
SM
RP&XB

To accommodate non-zero Arp,s, one may invoke
two different mechanisms [3].
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1) Introducing a new Lorentz structure in the four-
fermion interaction.

2) Modifying the Wlv, vertex by corrections to lepton
mixing.

For the first category, the SM may be extended to
new physics beyond the Standard Model (BSM) which
includes charged Higgs, for example in the supersymme-
try (SYSY) [4] or two-Higgs-doublet models [5]. In the
SM, the violation of LFU is estimated as

2
a M)
|Argh, :0( x—5=,

At 2
4t myy,

which is too small to be accounted for, while for the first
category, the correction to the Worv,, vertex emerges at
the loop level where new physics BSM particles exist is

of order
a  m
© (47'[ . Ap ) ,
which is greatly suppressed by the new physics scale Anp
[6].

For the second category, the coupling Wav, is mod-
ified by breaking the unitarity of the 3x3 lepton mixing
matrix. In the type- [ seesaw [7], sterile neutrinos are
introduced and the 3x3 mixing matrix could be non-
unitary to the level of O(MZ/M3) [8, 9], where Mp and
Mgy are the Dirac and Majorana mass matrices, respec-
tively.

Introducing sterile neutrinos can provide natural in-
terpretations of some anomalies observed in recent exper-
iments. For instance, the LSND [10], the MiniBooNE
[11], the reactor [12] anomalies and as well as the gal-
lium anomaly of the GALLEX [13] and SAGE [14] ex-
periments. Furthermore, a careful analysis of the cosmo-
logical data shows that the effective number of neutrino
species is larger than 3 [15], which might also hint at the
existence of an additional one or two neutrino species
besides the three active ones. Therefore a study on vio-
lation of LF'U would be interesting because it may reveal
possible new physics mechanisms beyond the SM at the
lepton sector.

As indicated in literature, the deviation of the real
PMNS matrix from the symmetric patterns may be due
to a u-T asymmetry. Kinematic constraints mean that
K and 7 cannot decay into Tv, so measurements on
Romoes = [(D(D,) — ¢tv,)/T(D(D,) — whv,) and
oo = I(D(D,) — wv,)/I(D(D,) — p'r,) (and
some other heavy mesons B* and B, etc.) may shed
more light on the physics responsible for the violation
of the leptonic flavor universality. The data of BES
Il are available to test the universality and measure-
ments at future charm-tau factories will provide more
accurate information in this regard. Indeed, the exper-
imental results of the NA62 Collaboration [16] deter-
mine Arge, = (4+4)x107% and Ar,, = (—4+3)x1073

[3] whereas the BES data tell us Arp_,. = 0.2567057
which is rather large.

The presence of sterile neutrinos changes the leptonic
decay widths of pseudoscalar mesons and then Arp.g
may be enhanced or suppressed. In this work we start
with this motivation and derive the analytical formu-
las of Ap,p for 3+1 and 342 scenarios in the next sec-
tion. Especially in this work, we will discuss Rpp,)e. and
Rpp.yur in detail and also briefly consider the cases for
B* and B.. Numerical analyses are made and possible
experimental measurements on Arpyp at BES and future
charm-tau factories are discussed. Then we present some
discussions in the last section.

2 Rpyg within the SM

In the SM, the leptonic decay widths of pseudo-scalar
mesons P—oav, (a=e, por T and P=m, K, D, D, B or
B.) are given by

s G? m2\ >
IR e = o Ve | fomems, (1__“) ) (6)
P « 87[ qq P m123
where G is the Fermi constant, m, is the lepton mass,
Vaor the element of the Cabibbo-Kobayashi-Maskawa
(CKM) mixing matrix corresponding to the constituents
in the meson P whose mass is mp and decay constant
fp and neutrino masses are neglected. As is well known,

these processes are helicity suppressed.
With the definition of I'$™_, in Eq. (6), one has

P—ooavy

me \” [ mi—m2\>
RSM = P P [ ) 7
Pxp m[& m%_m% ( )
If the QED corrections are considered, there will be a

factor (1+dqrp) multiplying to the left-handed side of
Eq. (7). An approximate estimate of electrodynami-

cal correction to P — av, is about 137 X o ™ 103
suppression. For the leptonic kaon decay, due to the

inner bremsstrahlung K,;, process which is included
by definition into Rk, the calculation indicates dqrp =
(—3.7840.04)% [17].

As suggested, the existence of sterile neutrinos
changes the picture, so in the next section, we will study
how they contribute to P— av,.

3 Lepton mixing with the presence of
sterile neutrinos

Now let us give a general description of the involve-
ment of sterile neutrinos and take 341 as an illustration.
In the SM, the sterile neutrinos do not directly couple to
W-bosons, thus without mixing between sterile neutri-
nos and active ones, the weak interaction can be written
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as

(67U77)7u(1_75)(UPMN870) Ww (8)

where v; (i=1, 2, 3) are the active neutrinos and v, is a
sterile neutrino (or several), Upuns is the regular PMNS
lepton mixing matrix and here 0 denotes a 3x1 matrix,
thus (Upmns,0) is a 3x4 matrix and in this scenario, uni-
tarity no longer exists. When the mixing between v, and
v; is introduced, the matrix becomes (Upynsg-COSe, sine)
and the coupling vertex is

(e,1,7)7" (1=75) (Upmns cose, sine)

then the sterile neutrino participates in the weak
interaction®).

Meanwhile this mixing also induces a |

flavor-changing neutral current (FCNC) as

151
—_— Vs
(V17V2;V35Vs)’y (1_75)(130) Vs
Vs
151
X Zy— (V1,V2,V3,V5 )7 (1—75) V' Z2 Z,, (10)
3
Vg

where V' is a 4x4 matrix and results from a matrix
product of (4x3)®(3x4), i.e., (Upnnscose,sine)’ (Upnns:
cose,sine). This non-unitary mixing matrix and sizable
sterile neutrino masses can also change the generation
number which is accurately measured by the LEP exper-
iment. Therefore the mixing is rigorously constrained by
the LEP data.

Once sterile neutrinos are introduced, they do indeed
mix with active ones, the decay width obtained above
(6) will be modified into

G3 > m2\°> = m2+m2\ A(mi,m2,m2%)
5oy ===V |2 fomp x |Um-|2m§(<1——"‘> + Y |Ugivs|?(m24+m2) (1— > Sl) Pl o s (11)
Poove g tiPPL P ; m ; e m m

where my; is the sterile neutrino masses and N is the total number of neutrino mass eigenstates, for instance, assuming
two sterile neutrinos, i.e., the so-called 3+2 scenario [18], N=3+2=5. The A(m3,m2,m2) is defined as

A(mg’?mivm;):\/m%’+m§c+m3i_2m12?m¢2x_2m123mgi_m?xmgi' (12)
Now we can obtain the general expression of Arp,g
R;IXB
ATP“B:RS—M_L (13)
Pap
where RPY; is obtained in Eq. (7) and
3 N-3
Y Ve P (m—m )+ Ua il (mi+m?) (mip—mi—mZ) X(mip,m3,m?,)
s =1 i=1
Rchﬁ— 3 N-3 (14)

> U [Pmig (mip—mig)*+ ) (U yisl* (mi+m2;) (mi —mps —mZ;) X(miy mig.m;)

j=1 j=1

3.1 341 scenario

In order to get the 3x4 mixing matrix describing
the sterile-active neutrino mixing in charged-current and
neutral-current interactions, an easy means is to con-
struct a 4x4 matrix in a regular way and then remove
the last row of the 4x4 matrix to get the required 3x4
matrix. The 3 x5 matrix for the 342 scenario will be
obtained in a similar way.

First we deal with the case by adding one sterile neu-
trino into the game, i.e., the 341 scenario, in which the
lepton mixing matrix can be parameterized with 6 mix-

| ing angles and 3 phases in a form

Usy = R34(934,534)Rz4 (92470)R14(914,514)R23 (92370)
XR13(9137613)R12(01230)7 (15)

where R;; is a 4x4 matrix describing the rotation in the
i-j plane and here presents R, as an instance,

10 0 0
01 0 0

Bsa(Ba4,030) = 00 cosfly,  sinfg,e 1% (16)
0 0 —sinfs,e'%4  cosbs,

1) After the replacement, v1, v2, v3, vs are slightly changed and constitute the real mass eigenstate.
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It is obvious that the multiplication Ro3Ri3R, = U°
is the usual Pontecorvo [19]-Maki-Nakawaga-Sakata [20]
(PMNS) matrix modified by adding a trivial fourth col-
umn and row.

In order not to contradict with the available experi-
mental measurements of three-neutrino oscillations and
the data of LEP, the mixing between sterile and active
neutrinos must be very small. And here an assumption
is made that the added sterile neutrino does not dis-
tinguish between the three active ones, i.e., the mixing
angles 034 = 0y, =01, =¢,. In Eq. (14) only squared
mixing elements |Uy;|? appear in Arp,p while neglecting |

R;IXB

cos®e;m? (mp—m2)>+|Usa|* (mZ4+m2;) (m

higher order powers of €;, one obtains

|Uail® = (U2 Pcos’ ey, (a=e,u,1;i=1,2,3);

|Ueal® (17)

sine;;|U,a|> =sin’e€; cos® ey

|Ues)® = sin®e;cos’ey,

where we ignore the subscript “34+1” in Usz,; and the
U2, refers to the elements of the unitary U° (3+0) with
S LU P=1 for a=e, u, T

Then with these mixing matrix elements, one can ob-
tain Rp,, in the 3+1 scenario

which is substituted into Eq. (13) to obtain Arp,p under
the 3+1 scenario.

3.2 342 scenario

Turning to the 342 scenario in which two sterile neu-
trinos are introduced, the procedure is similar to that
for the 3+1 case. The mixing angles between the second
sterile neutrino and active neutrinos are denoted as €s.
Then we summarize the results below:

|Uai|?® = US| cos® €, cos®ea, (x=e,p,T; i=1,2,3);

|Ues|? = sin®e;,cos?ey; |Uss|*=

|Upa|? = sin®e;cos®€,cos’€y; |Uys

|U.s|? ~ sine; cos*e;cos’es; |Uss (19)

With these elements one can obtain Arp,p with the 3+2
scenario.

3.3 Constraints set by the FCNC

With the scenarios discussed above, the neutrino neu-
tral current (NC) interaction will be modified. As dis-
cussed above, the number of neutrinos is 2.984+0.008
by fits to LEP data. Assuming that the small deviation
from 3 is caused by mixing between active and sterile
neutrinos, this value will cast rigorous constraints on the
mixing parameter €, ,. An estimate is: ¢; <O(5x1072) for
the 341 scenario and e7+¢e2<O(1073) for the 342 case.
A preliminary result about sum 3>, |Us,;|=0.994+0.005
at 90% confidence level [21], which signifies the non-
unitarity of the 3x3 active neutrino mixing matrix to
be at level < O(1072) [22]. The non-vanishing terms

Uap —ZU ;Uip (a#£p) result in the tree level FCNC in-

teractlon which can induce the low-energy lepton flavor

cos?eymg (mp—mip )2 +|Upa|? (mp+m2;) (m

(18)

LSl lavA ]

| violation (LFV) processes. These LFV precesses are pro-
portional to the value of the non-vanishing Zfi U U
The experimental bounds on these LFV interactions can
be transformed to constraints on the new mixing angles
€1,2. For instance, constraints to |Uyp| from several LEV
processes Ref. [23, 24]:

U] <3.05% 1078 (B(u~ —e ete ) <1.0x10712),
[Ue| <1.37x10 3 (B(t~ —e ete ) <3.6x107%),
U4 | <1.205%103(B(T~ —p ptp~)<3.2x107%).

Considering these bounds and the elements derived
above, with reasonable approximations we can obtain
constraints on €; » which are shown in Table 1.

4 Numerical analyses

In this section we numerically evaluate the total con-
tributions from the SM and new physics BSM to Arpag
in the context of 341 and 342 scenarios to account for
the observed data. The analyses are about the leptonic
decays of pseudo-scalar mesons P=m, K, D, D, B, B..
The evaluated branching ratios of the leptonic decays are
listed in Table 2 and the corresponding Rpqp and Arpap
are shown in Table 3.

4.1 341 scenario

In this subsection, we make a numerical analysis on
the breaking of the lepton universality in different decay
processes, within the 341 scenario. Ary., and Arge, in
the parameter space of mixing parameter €; and sterile
neutrino mass my; are shown in Fig. 1. The central value
of Arp., is denoted by the solid line while its 1—o region
is enclosed by the dashed lines. In the left panel of Fig. 1
for Arq.., to accommodate the experimental results,
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Table 1. Constraints to new added mixing parameters €12 from the experimental limits of LFV processes.

scenario |U e |Urel |Uny|
3+1 €1<1.75x1073 €1<3.70x1072 €1<3.599x 1072
342 €2+€3<3.05x10~° €2+€3<1.37x10~3 €24€2<1.295x103

Table 2. The experimental values or bounds of masses and branching ratios for P=m, K, D, Dg, B, B¢ taken from

PDG [23]. The corresponding theoretical predictions are in (double) square brackets which are from Ref. ([25])
[26].

P mass/MeV B(P—eve) B(P—puvy) B(P—1vq)
7 139.570184-0.00035 (1.23040.004) x10—* (99.9877040.00004)% —
K (493.677+0.016) (1.58140.008) x 10> (63.55+0.11)% —
D (1869.6240.15) <8.8x1076 (3.8240.33)x 1074 <1.2x1073
[(4.1575-22) %1074 [(1.1040.06)x 10~3]
Ds 1968.494-0.32 <1.2x1074 (5.90+0.33) x 103 (5.43+0.31)%
[(5.5015:33) x 1072 ((5.3675:530) x 10~ 7]
B 5279.2540.17 <9.8x1077 <1.0x1076 (1.65+0.34)x 1074
[(0.796 70588 x 10~ 1)
[[(1.1£0.2) x 10~ 11]] [[(4.5£1.0)x10~7]] [[(1.0£0.2) x 10~4]]
Be 627746 — — —

Table 3. The current experimental measurements and SM prediction of Rpey [26], Rpur and the corresponding
Arpgg. The SM predictions include the uncertainties from electromagnetic corrections and as well as the uncer-
tainties due to CKM mixing matrix elements and decay constants.

S
P Rp REeu ATPey
m (1.23040.004)x 10~ 1.234x10~% (—3.24143.241)x 1073
K (2.48840.013)x 105 (2.47240.001)x 10> (6.47272-868y 103
P REP. REM Arpyr
D >0.291 0.37715:0%% >—0.308
D 0.10970513 (8.6571%8)x1072 0.25610-439
B <7.6x1073 (4.5735)x10~3 <1.6
Bc (4.1875-0%)x1073 —
550 f 200
Mg
500 f
150 |
450 |
>
Q
= 400 100 |
350 |
50 |
300 |
250 | 0L . . ‘ . ;
0 L 1 4 1 1 0 0.002 0004 0006  0.008  0.010

50000 25000 50000 12500 10000

€
€1 1

Fig. 1. The allowed parameter space of €1 and ms; for Arpe, and Arkep.
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the mass of the sterile neutrino has to be larger than
250 MeV, thus the final state with v, is kinematically
forbidden. For Ark,,, the allowed parameter space of €;
and myg; is larger, which covers 0-400 MeV and 0-0.35,
respectively. Also, in the region of my, > myg, v, does
not show up in the final state and the region with rela-
tively larger €; needs to be ruled out for its failure to be
reconciled with the LEP data constraint.

Besides, as shown in Fig. 2, the 3+1 scenario fails
to provide a common parameter space of €; and my; to
saturate the experimentally measured Ar ., and Arge,
simultaneously, namely there does not exist a solution
within 1o tolerance.

Since both Dg to wv and tv have been experimentally
measured, thus Arp_,. is obtained. A lack of experimen-
tal data on the decay rates of leptonic decays of D means
that we cannot determine Arp,. yet, for an illustration,
we set the Arp,. as 1071, 1072, 1073, 107%, 10~° to get
a sense of the dependence of the Ars on ¢; and my,. The
results are shown in Fig. 3.

Form the figures of Arpe., Arp., and Arp,. in

400 ¢
AP i Aryg,
380 | / /
1 4
H /
| /
360 | | /
1 I
i !
H {
340 | /
> i
() 1
= {
g 320 i
H
H
300 i
i
!
280 r i
1
i
\
260 | ':
i
0 1 2
€1 (x107%)
Fig. 2. Comparison of Arnpe, and Arkey in the pa-

rameter spaces of mixing angles ¢; and the sterile

neutrino mass msi.
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80 ! '| \ AN b
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1 1 \ < 10
|II \ \\ \\
1
60 1! I‘ \ \\ ,
> 1! \ \ \\
] 1! \ ~
= v \ N
) I \ \ \ 102 N
g [} \ \ N
40 -I‘l \ AN |
I| o AN
|| \\ \ 1073 AN
Lo Y AN J
20 I‘ \\10—4 \\ \\
\\ \ \
1005 N0 \ \
\ \ \
(O L N ' p R -
0 0.1 0.2 03 0.4 0.5 0 02 04 06 08 1.0 12
€1 €1
Fig. 3. Arpeu, Arpsen,; Arpur, Arp,ur vs €1 and ms:.
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Fig. 4. Aren, ArBeepn; ATBur, Arg.ur vs €1 and meg.

Fig. 3, it is obvious that non-zero Ar demands non-
vanishing €;. Moreover, it is noted that for fixed mg;
(€1), the smaller Ar is, the smaller €; (mg;) would be.

In (d) of Fig. 3, the lower bound of Arp_,.
0.25679-23% does not appear, as our analyses indicate that
Arp_,. cannot be negative in the 3+1 scenario. From
this diagram, it is obvious that within the 1—o range of
Arp_ .+, the particular values ;=0 and (m,,; =0) are not
excluded and the vanishing sterile-active neutrino mixing
signifies that the lepton flavor universality holds. Thus
to make a decisive judgement more accurate measure-
ments are needed.

When discussing leptonic decays of B and B, mesons,
because of lack of experimental data, we take several val-

ues for Ar to illustrate its dependence on the parameters
as shown in Fig. 4.

4.2 342 scenario

In this subsection, we numerically analyze the lep-
ton universality with two sterile neutrinos, i.e., the 3+2

scenario.

Even though the errors are still large, Arq(k)e, have
been set, thus we first present Ar.., and Arke, in the
same graph in Fig. 5, where the horizontal solid line cor-
responds to the central value and dashed lines enclose
the 1—o range of Arg,, whereas the perpendicular ones
are for Ar .

The cross region satisfies both Ary., and Arge,. In
our analyses, we let the mixing angles ¢; and e, vary
within (0, 3x1073) and (0, 5x107°), respectively, while
the sterile neutrino masses mg € (0, 140) MeV and
Mgy € (0, 500) MeV. It is noted that for such parame-
ter ranges, there exist solutions to accommodate both
AT e, and Arge,. Concretely, the red points which cor-
respond to the values calculated within the parameter
ranges fall in the common region of these two quantities.
Existence of solutions satisfying both Arg., and Arge,
signifies the success of the 3+2 model in explaining the
observed lepton universality violation in 7t and K decays.
Now we turn to D, decays, whose rates have been
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experimentally measured, but not yet sufficiently accu-
rate, to see if we are able to determine Arp_..

Arge, and Arp_,. are presented in Fig. 6 where
one notices that within the parameter ranges: €; € (0,
6x107%), € € (0, 5x107%), mg € (1, 140) MeV, and
ms €(0, 500) MeV, both Arg., and Arp_,. can be sat-
isfied. Especially, in these parameter ranges Ar,., and
Arge, are also satisfied.

20 |7 i
& 15 i
(=)
X
z 1.0
W
3

0.5

Al (x1072)

Fig. 5. The common solution for Arze, and Arkeu

in the 3+2 scenario.

Arpy,. (¥1077)
S}

0kt . . ; "
0 2 4 6 8 10 12 14
Aryg, (<107%)
Fig. 6. The common solutions of Arke, and

Arpgur in 342 scenario.

6 i
Sy i
(=] .
— ' K
é . 9 w?
-3 -
2 : s -
S 2 . .
: wdy LA
1 Tt
0 Lo me & o0 2ty 14 vtoind aaicds

-8 -6 —4 -2 0
Al (<107

Fig. 7. The common region of Arze, and Arp, .
in 3+2 scenario.

The common region for Ar.., and Arp,,. is shown
in Fig. 7.

The similar analyses have been carried out for D, B,
and B, mesons. Due to shortage of data to calculate cor-
responding Ars, we adopt the parameter ranges obtained
by fitting Arpey, Arge, and Arp ., to the leptonic de-
cays of D, B and B, and investigate if there exists a
common region for Arp.,—Arp,. (P=D, B, or B.). The
results are shown in Fig. 8 and Fig. 9.

- S
..
6t - e
~ RN
L e
X4 s %
" Y
£ el
3 5
2 o
O / | | |
0 0.05 0.10 0.15

Arpe,

Fig. 8. The common solutions of Arpey and Arpyx
in 3+2 scenario.

8 P
'c‘
0’.
"
o6 e
I e
I "
3 i
T4 //
.
3
2
0 . . . : .
0 5 10 15 20 25 30 35
Arge, (x1072)
Fig. 9. The estimate of Argep and Argyurc in 3+2

scenario.

5 Testing LFU at BESIII

Experimental measurements of pure leptonic decays
of D and D, mesons have been carried out by many col-
laborations: via ete™ annihilation at Z° mass pole [27—
29], at T(4S) mass [30, 31], and at /s=3.773, 4.040 or
4.170 GeV [32, 33], respectively. To test violation of
the lepton flavor universality, very high accuracy is nec-
essary. However, most of the the aforementioned experi-
ments suffered from high background contamination, so
do not meet the high accuracy demand. In this aspect,
the electron-positron colliders prevail over others. Be-
cause charmed mesons are produced in pairs, one can
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accurately measure the pure leptonic decays based on
the double tag method.

For example, the ete™ annihilation experiment
around the 3.773 GeV, which is just above the DD pro-
duction threshold, a charmed meson and its anti-particle
are produced in pairs, i.e., 9(3770) — DD. If one fully
identifies D in one event, which is called a singly tagged
D meson, there must exist a D meson in the recoiling
side against the tagged D meson. If one reconstructs the
whole DD pair in the analysis, the event will be called
a double tag event. Thus, in an event which consists
of a singly tagged D~, the pure-leptonic modes can be
selected from the final states of DT decays, and the ab-
solute branching fractions would be well determined.

For the measurements around 4.040 or 4.170 GeV,
situations are not much different except DD being re-
placed by D& Dg or DgD5t+c.c..

In the BESIII experiments, charmed mesons are col-
lected at 3.773 and 4.040 GeV, respectively. Here we
present a Monte Carlo (MC) simulation at these two en-
ergy points to discuss the experimental sensitivities of
searching for pure-leptonic decays that can be reached
in the future.

The MC events are generated with the BESIII offline
software system [34], where the particle trajectories are
simulated with the GEANT4 [35] based package [36] for
the BESIII detector [37] at the BEPC-1I collider.

The events used in this discussion are generated as
ete” =1 (3770) — DD and ete” —1(4040) — DDy at
the c.m. energy +/s= 3.773 and 4.040 GeV, respectively,
where the DD and D{Dg mesons are set to decay into
all possible final states with the branching fractions cited
by PDG [23].

In total, ~1.23x10% DD and ~6.20x10° D¢ Dg events
are generated at /s= 3.773 and 4.040 GeV, respectively,
corresponding to an integrated luminosity of ~ 20 fb™!
P(3770) and (4040) data assuming o2 =6.14 nb|[3§]
and gg;ng =0.31 nb[39], which contains ~7.2x107 D°D°
pairs, ~5.1x10” D*¥D~ pairs and 6.20x 106 DDy pairs
respectively. The BEPC-1I collider is designed to work
with an instantaneous luminosity of 10%* cm=2?s~! around
P(3770). As a conservative estimate, a data sample with
an integrated luminosity of about 20 fb~! can be col-
lected during more than 10 years’ running.

The singly tagged D~ and Dg events are recon-
structed in 9 hadronic decays of D~ — K*tn—nt~ (50%),
D~ —-Kin (52%), D~ - KK~ (48%), D~ - KK 7~
(40%), D~ =Kt~ n° (28%), D~ -t (56%),
D —Kinn® (27%), D~ =K ntn-n-n~ (21%), D~ —
Kén~n~nt (31%) and 9 hadronic decays of Dg —K3K~
(46%), Dg = KK~ (39%), Dg = KtK~n~n° (12%),
Dg — KgK*tn—n~ (24%), Dg — -t~ (52%), Dg —
N, n—7yy (41%), Dy ', 0’ =, n— 1y

(21%), Dg =7 ', n'—=7p° (34%), Dy —p™n (17%) con-
stituting approximately 29% of all D~ decays and 30%
Dg decays, respectively, where the numbers in brackets
are reconstruction efficiencies.

Tagged D~ and Dg events are selected by two kine-
matic variables based on the principles of energy and
momentum conservations: (1) difference in energy

AE=FE,—E,, (20)

where E} is the total energy of the daughter particle from
D~ or Dy in one event and F), is the e* /e~ beam energy
for the experiment, is recorded to describe the deviation
from energy conservation caused by experimental errors.
(2) Beam-constrained mass

MBCE\/EE_(Ei?i) (21)

is calculated to reduce an uncertainty caused by experi-
mental errors when measuring the momenta of the pro-
duced particles. By this definition, the energy E; in the
expression of

M2

inv.

=Ef—p;

for the D invariant mass is replaced by Ey, = E.../2,
where E. ., is the c.m. energy at which DTD~ pair is
produced.

The total energy and momentum of all the daughter
particles in D* and Dg decays must satisfy the energy
conservation (EC) principle, generally one needs to in-
troduce a kinematic fit, including energy and momentum
constraints and some relevant corrections, to reject those
not satisfying EC, but being recorded due to an uncer-
tainty of experimental measurement. This replacement
of the real invariant mass by Mpc partly plays the role.

Moreover, events are rejected if they fail to satisfy
the selection constraint |AE|<3Xoap, which is tailored
for each individual decay mode, and o is the standard
deviation of the AFE distribution.

As the D* and D, events are correctly tagged, a peak
in the Mpc spectrum would emerge at the position of D~
or Dg mass. Finally, if there are more than one combina-
tions in one tagged event, the one with the smallest |AE)|
is retained. After considering the detection efficiencies of
each tag mode, 10837045+6122 and 54981141593 tagged
D~ and Dg events are obtained based on data samples
of about 20 fb~!, respectively.

At the recoiling side against the tagged meson, the
other charmed meson decays into a charged lepton
and a neutrino. Since the neutrino does not electro-
magnetically interact with detector matter, it cannot be
recorded in the detector and contributes a missing en-
ergy, therefore, a kinematic quantity is defined

MriissE(Eb_El+)2_(_?D*/D§_?lJr)za (22)
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where P, /pg is the three-momentum of the fully recon-

structed D~ /Dg, and Ei+ (P +) is the energy (momen-
tum) of the candidate lepton. The spectrum of M2,
for the signal events should produce a peak near zero
because the neutrino mass is very tiny.

To select the purely leptonic decay event of Dt —17v,,
only one charged track identified as electron/muon/pion
and no isolated photons are allowed at the recoiling side.

For the rare process of DT —e™v,, the signal number
is determined to be 1 by counting the signal window of
M2, .. We set an upper limit on the number of signal
events for DT —etv, to be 4.36 by using the Feldman-
Cousins method [40] in the absence of background at
90% confidence level. The upper limit on the branching
fraction for D* —etv, is B(DT —e™v,)<8.5x107".

For the decay of D* — pu*v,,, the number of simulated
signal events is obtained to be Ng‘fﬂ1+Vu =2611.1+£55.0
by fitting the M2, = distribution, and the efficiency for
reconstructing DT — ptv, against the tag side is esti-
mated to be NB&ZFLHH =(63.82£0.15)%. Therefore, the
branching fraction for D* — p*v, is calculated to be
B(D* — v, )=(3.7420.08(stat.)) x 10~*.

For D* — t™v,, with T — ™%, the missing mass
squared M2 for the candidate events is calculated as

miss

M? Z(Eb—Eﬂ+)2—(—?Df—?ﬂ+)2. (23)

Since there are two missing neutrinos, the M2, = does
not have a narrow peak as in the decay of DT — ptv,,.
To suppress the background from DT — K7™ by miss-
ing K¢ and Dt — utv, by p/m mis-identification, the
M?2,.. is studied in two cases defined by EEM©>0.3 and
EEMC < 0.3 GeV, resulting the number of signal events
for DT — t™v, to be 312.1+£28.2 and 242.9+26.1, re-
spectively. With these signal events, inputting the de-
tection efficiency of (17.16+0.14)% and (13.33+0.12)%,
the branching fraction is determined to be B(Dt —
v, ) = (1.68+0.12(stat.)) x 107, which is averaged by
(1.68+0.16(stat.))x10~? and (1.68£0.18(stat.))x10~? for
the two cases.

Following the similar analysis, the number of signal

events for DF —1*v, is determined to be Ngbf Lo =1,
g —eT Ve
N;";ﬁﬂpﬂp = 2335.5£55.1 and NE’)‘;EHTHT = 11484.1+

110.2, with the corresponding detection efficiencies to be
eobs = (46.94+0.16)%, €8 T (70.41+0.14)%
e Y

D;ﬁchv DS+"
and e‘[’)b;SHTHT = (39.41£0.16)%, respectively.
ing the numbers of events and upper limit at 90% C.L.
for D¢ — e*v,, the branching fractions are calculated
to be B(DF — etv,) < 1.69x 1072, B(DS — utv,) =
(6.03+0.14(stat.)) x 1073, and B(Dd — t+v.) = (5.30+
0.05(stat.))%.

Based on these simulation results, the ratio of decay
rates to different leptons can be obtained to test the lep-

Insert-

ton universality. With 20 fb~* BESIII data samples at
c.am. energy of 3.773 and 4.040 GeV, the ratios are

I'(Dt—e+v,)
Rpen= ¢ 29 961073, 24
PRI v, 2
and
(DT —u+v,)
Rpy=—=———"-=0.22340.017(stat. 25
b= T DT (stat)  (25)

for charm meson, and

I'(DE —e+v,)

Rp ey = ——2— 22 <2.80x1073, 26

P = IO v, 20
L(D§ —p+v,)

Rp o = ———-=0.11440.003(stat.) (27

Dgp F(D§—>T+'VT) (S a ) ( )

for the strange-charmed meson. The experimental sen-

sitivities for the above measurement with 10 years’

(20 fb~') data accumulation are A /. ~ 7.35% and
D

ART/p ~2.50%, however, the size of these huge data sam-
X34
ples cannot present a solid estimate for the electron de-

cays. The theoretical expectation for electron mode is at
1075 level, to challenge this limit, there should be a des-
perate running time for the BESIII experiment. Fortu-
nately, it will not be a problem if one can build a T-charm
factory with an increasing of the luminosity of about 100
times.

The luminosity of BEPCII is not high enough, so
to fulfill the job, one needs at least 10 years of machine
running. However as suggested, the planned charm-tau
factory will greatly enhance the luminosity and with the
new facility, we expect that in a few months a sufficiently
large database could be collected and then one may have
required accuracy to testify the lepton universality.

6 Discussions and conclusions

In this work we study the lepton universality in the
3+1 and 3+2 scenarios. The analyses indicate that by
adding one sterile neutrino to the SM, i.e., the 341 sce-
nario, the Ars reflecting the differences between exper-
imental data and SM predictions in the leptonic decays
of various pseudoscalar mesons cannot be accommodated
simultaneously for various mesons. Therefore, the 3+1
scenario is attractive for its simplicity, but does not meet
the data. Whereas the 3+2 scenario has less tension in
accordance with the data. However, although there still
exists difficulty in choosing a proper mass range for the
second sterile neutrino, the current experimental data on
ATy, Argey, and Arp . can be well accommodated.
This result motivates one to be inclined to involve more
sterile neutrinos, i.e., the 3+3 model. With the parame-

073101-10



Chinese Physics C  Vol. 37, No. 7 (2013) 073101

ter ranges selected by fitting the data for 7, K and Dy,
the predicted values of Ars for D, B, and B, are obtained
which will be tested by future experiments such as the
Z-factory and LHCD.

Usually it is believed that the p-t symmetry [41]
holds at high-energy scales, but breaks during the evolu-
tion to low-energy, so that the 3x3 PMNS mixing matrix
for active neutrinos deviates from the original symmetric
textures. The violation of lepton universality, especially
that for p-T universality, might be a low-energy behavior
as the universality precisely holds at high-energy scale,
say, the GUT or the see-saw energy scales. These as-
sumptions motivate relating the breaking of the p-t sym-
metry to the violation of the p-t universality. The idea
is that the symmetry breaking that leads to a real PMNS
matrix and the LFU violation may originate from same
source and be caused by the same mechanism. Thus
both of them serve as the low-energy manifestations of
the symmetry breaking.

In order to obtain a negative value for Ar, Rp, ,
should be smaller than the value predicted by the SM
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