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Abstract We study the full angular distribution of semilep-
tonic rare charm baryon decays in which the secondary
baryon undergoes weak decay with sizable polarization
parameter, EF — X (= prO)ete—, B0 — A0 (—
pr )¢ and Q¥ — E%(— A%2%)ete. Such self-
analyzing decay chains allow for seven additional observ-
ables compared to three-body decays such as A, — plTe~,
with different sensitivities to the |Ac| = |Au| = 1 weak
couplings. Opportunities to test the standard model in ¢ — u
transitions with standard model null tests and other angular
observables are worked out. We show that a joint model-
independent analysis of the leptonic Af;B, hadronic A?B, and
combined forward-backward asymmetry Af;lé together with
the fraction of longitudinally produced leptons, Fr, is able
to pin down the dipole couplings C7, C} and the semilep-
tonic (axial-) vector ones Cyg, Cg, C,. AEB is also accessi-
ble with dineutrino ¢ — uvv modes and probes right-handed
currents.

1 Introduction

Flavor changing neutral currents of charm quarks are strongly
suppressed in the standard model (SM) by an efficient
Glashow-Iliopoulos—Maiani (GIM) mechanism. At the same
time sizable resonance contributions shadow new physics
(NP) in simple observables such as branching ratios of
semileptonic ¢ — uf* £~ -induced modes [1]. This very GIM
suppression, on the other hand, along with approximate sym-
metries of the SM gives directions for clean observables and
null tests, which probe a broad range of NP phenomena.
Corresponding SM tests with |Ac| = |Au| = 1 transitions
complement beyond standard model (BSM) searches with
strange and beauty quark processes and provide novel and
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unique insights into flavor from the up-quark sector. Sev-
eral opportunities to test the SM have been worked out for
D-meson decays, e.g. [2-8].

Rare semileptonic decays of charm baryons have been
explored as a NP probe recently [9-12]. In [12] we analyzed
the NP sensitivity of rare semileptonic decays of A., E. and
Q.-baryons, here collectively denoted by By — B¢~
with the initial (daughter) baryon denoted by By(B)), see
[10] for dineutrino modes By — Bjvv. In this work we
consider (quasi-) four-body decays, where the By further
decays weakly to a baryon (hyperon or proton) B; and a pion.
Since kinematic observables, such as the direction of the By
momentum, provide information on the spin of the decay-
ing Bj baryon, these channels are termed ‘self-analyzing’.
Advantages of such modes for NP searches are well-known
in b-physics, notably using A(1116) — pm in rare decays
of Ap-baryons, see for instance Refs. [13—-15].

In charm, we identify the following decay channels suit-
able for polarization studies,
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since ©1, A® and E° are self-analyzing, with sizable decay
parameter o (we do not consider £° — Ay). The branching
ratios and decay parameters of the secondary baryon decays
are provided in Table 1. Our aim is to work out null tests
and to complement |Ac| = |Au| = 1 analyses of charmed
meson decays, e.g. [6,7].

Requisite vector and tensor form factors for A, — p
transitions have been computed on the lattice [9] and in quark
models [17], and for E. — X from Light cone sum rules
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[18]. As in [12], we employ A, — p lattice form factors
[9] and relate them to the E., €2, ones using SU (3) p-flavor
symmetries, if applicable. This procedure is improvable with
better knowledge of the form factors, however, to explore NP
signals in SM null tests a precise knowledge of form factors
is not essential.

None of the rare charm baryon modes has been observed
so far, but the upper limit on the A, — pu™u~ branching
ratioat ~ 1077 by LHCb [19] is close to the estimated size of
the resonance contributions [12]. Limits on A, — pete™
and lepton flavor violating ones A, — pe®uT are at the
level of ~ 107> by BaBar [20]. Semileptonic rare charm
baryon decays are suitable for study at high luminosity flavor
facilities, such as LHCb [21], Belle I1 [22], BES III [23], and
possible future machines [24,25].

The plan of the paper is as follows: in Sect. 2 we dis-
cuss exclusive rare charm baryon decay modes within a low
energy effective field theory (EFT) framework, including
phenomenological resonance contributions. We also present
the full angular distribution for four-body baryon decays and
review some of the simpler observables already accessible
with three-body decays. We work out the impact of the new
null tests and other clean NP probes in Sect. 3, and give an
early stage strategy to disentangle NP Wilson coefficients. In
Sect. 4 we present further null tests, based on more advanced
angular observables, with decays into dineutrinos and for
decays of polarized charm baryons. We conclude in Sect. 5.
We present the helicity amplitudes in terms of Wilson coef-
ficients and form factors in Appendix A, and provide details
on the helicity amplitude description of the secondary weak
decay in Appendix B. In Appendix C we give the full angular
distribution for initially polarized baryon decays.

2 Theory of |Ac| = |Au| = 1 four-body baryon decays

We give general formulae for semileptonic rare charm baryon
decays in the SM and beyond. In Sect. 2.1 we introduce
the weak Hamiltonian at the charm mass scale and discuss
SM contributions. The fully differential distribution for the
(quasi-)four-body decay of unpolarized charmed baryons is
presented in Sect. 2.2.

2.1 An effective field theory approach to charm physics
Consider the weak effective Hamiltonian for ¢ — uft¢~

transitions

4G
Hetr D ——m =t 3 (CLOx + CLO}), )

ﬁ 4 k=17,9,10
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where o, and G g denote the fine structure and Fermi’s con-
stant, respectively. The dimension six operators are given as

me _ me _
07 = 7(MLO'MUCR)FMU, Oé = 7(URO';WCL)FIW7

O = (uLyuc)(Uy™e), 0§ = (ryucr)ly™e),
010 = (upyucL)Lytyst), 01y = (Uryucr)Cy*yst),
(2)

with the electromagnetic field strength tensor F*¥, the chi-
ral projectors L = (1 — y5)/2, R = (1 4+ y5)/2 and
otV = % [¥*, y"]. For the mass of the charm quark we use
me(me) = 1.27GeV, in the MS mass scheme. SM contri-
butions to the coefficients of the operators in Eq. (1) arise
from four-quark operators at the W-mass scale and from
intermediate resonances M, decaying electromagnetically
to dileptons, as in the quasi four-body decay chain By —
BIM(— (Y¢7) — Bi{T¢~ — Bi(— Bym){ti™ —
Bom ¢ £~ . Note, the lifetime of the resonances M = w, p, ¢
is much shorter than the one of the daughter baryons B} =
>+, A, 2% which decay weakly after the dileptons have
been produced. The resonance contributions are taken into
account with a phenomenological ansatz, as

CR(q2) = a, e ! - )
K @ q*—m2+im,T,, qz—m%—i—impl"p

agel®s

612 — mé + im¢,F¢ ’ )
implying a contribution to Og. Here, m s and I'j; denote the
mass and total width of the meson M. The strong phases 8/
are unknown and provide a significant amount of theoreti-
cal uncertainty. We neglect effects from intermediate 7, n’
mesons as they are strongly localized and have a negligible
effect on the (differential) branching ratio [12]. We further
use isospin to relate the p and w contributions [26], as no data
on any of the By — Bjp branching ratios is available. This
leads to a factor three between the w and p contributions in
Eq. (3). Experimental input on the parameters a, is provided
in Table 2. Note that due to Belle’s recent measurement of
B(A} — pw) [27] the corresponding entry slightly differs
from the one in [12].

For the B) — B; form factors we use the same helicity-
based definition as in [9,12]. Form factors from lattice com-
putations for A, — p transitions are obtained in Ref. [9].
We obtain the form factors for the baryon transitions stud-
ied in this work via flavor symmetries, see Refs. [12,28] for
details. Consequently, we find for any of the ten form factors
fi(q®. gi(@®.i =+, L,0and h;(g>). hj(q?). j = + L,
commonly denoted here as fpg,— g,

fnop = Fopoge =Vofsn = gz @
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Table 1 Self-analyzing rare charm four-body decays By — Bj(— B,m )¢ ¢~ and information on the branching ratios and weak decay parameters

« of the secondary baryonic B — B,m decay [16]

Ef - Tt (= pr¥)ete-

80 > A% (— pr)ete Q0 — B0 (— A%70)ete-

B(B) — Bm) 51.6 £ 0.3%
o —0.98 +£0.01

63.9+0.5%
0.73 £0.01

99.5 £0.0%
—0.36 £ 0.01

Table 2 Resonance parameters a,,, ag defined in (3) for various rare charm baryon transitions, see text

Ae—p Ef —» ot EY — A0 Q0 — &b
aw 0.062 £ 0.009 ~0.06 ~0.06 ~0.05
ag 0.110 £ 0.008 ~0.1 ~0.1 ~0.09

We emphasize that all but the last relation follow from
SU (3) r symmetry. The connection to the €2, is broken as
it sits in a different multiplet.! In absence of form factor
determinations for the latter at the same level as those for
the A, — p we use this simple relation to be able to
make progress. We stress that the form factor parameteri-
zation in general does not affect the null test features dis-
cussed in this work. The relations (4) have also been used for
By — Bi1(¢, w) to obtain the ay, factors for the decays other
than A, — p(¢, o) presented in Table 2. Specifically, the
AJ — p parameters serve as an input to all other modes,
as branching ratio data for the latter are not available. An
exception is B(E? — A%) = (4.9 + 1.5) x 107 [29],
which gives ay = 0.080 & 0.013, consistent with the value
in Table 2.

Due to the severe GIM cancellation in rare charm decays,
the perturbative SM contributions are overwhelmed by
the effects from intermediate resonances: perturbatively,
Ceft(g?) ~ 1073, C&(g?) ~ 1072, whereas the p, ©, ¢
resonances yield C§ (qz) ~ (O(10) on resonance peaks and
~ O(1) off peak, see [12], based on results in [5,30,31]. The
primed Wilson coefficients of (2) are suppressed by m,, /m.
and are negligible in the SM. The Wilson coefficient C¢ van-
ishes in the SM, and therefore leptonic axialvector currents
do, too, providing a prime opportunity for null test searches in
charm. Electromagnetic loop contributions to the matrix ele-
ment of 4-quark operators, or mixing, induce contributions
not exceeding permille level [6].

2.2 Fully differential distribution for m, # 0

We present the full differential decay distribution for four-
body decays By — Bi(— Bymw)fT¢~. A brief discussion

! Further SU (3) r-sextet to octet self-analyzing transitions, E/F — =+
and Eio — A, in addition to Q? — EY exist [28], and induce rare
radiative and semileptonic decays. While observables can be defined
analogously, and NP search strategies can be applied, we refrain from
further consideration as the lifetimes of the &/, are unknown [16].

of Bp — Bi(— Bam)vv decays is deferred to Sect. 4.2.
We compute the distribution using the helicity formalism
[32,33] for unpolarized charmed baryons and keeping finite
lepton masses, m; # 0. Details on the helicity amplitudes
are given in Appendix A. To be specific, expressions are
given for the decay Ef — X (— pr0)ete~, however,
with replacements of masses, form factors and By — Bow
branching ratios, the same holds for any of the other modes
in Table 1. The fully differential distribution can be parame-
terized in terms of the ten ¢>-dependent angular observables
Ki = Ki(g?) as

d*r
dg?d cos 6yd cos 6, d¢p
3

=% |: Kigs sin?0p + Kiee cos”>60p + Kj. cos Oy
T

+ (Kzss sin® O+ Koo cos’ 6¢ + Ko cos 9@) cos O
+ (K35¢ siny cos 6y + K3 sin Oy) sin 6 sin ¢

+ (K45¢ sin g cos By + Ky sin 6p) sin 6 cos ¢:|. @)

Here, 6, is the angle between the ¢*-momentum and the
negative direction of flight of the charmed baryon (E/) in
the dilepton rest frame. Similarly, 6, is the angle between the
momentum of the final state baryon B> (p) and the negative
direction of flight of the By baryon (X V) in the proton-pion
center-of-mass frame. The azimuthal angle ¢ describes the
angle between the dilepton and the pz® decay planes. The
allowed regions for the angles 6y, 6, ¢ are —1 < cosfy <
+1,—1 <cosf; < land0 < ¢ < 27.
The q2—dependent coefficients K; are given as [14]%

2 We adapt the notation of helicity expressions / i’”’”/, i=1,2,3, 4from
[14], however use them to formulate angular observables in a notation
similar to [15]. Note that we dropped the subscript P from Ié””’,, 13’”'”,
since these two interference terms are parity-even.

@ Springer
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Klss
B(Z+ — pr9)

— 22 (%U11+22+L11+22> +4m? (U“+L”+S22>,

chc
B(Zt — prY)
_ q2U2U11+22 +4m% (U” LMt S22>,

= —2q2vP12,

B(E+ — prY) -«
— g2 (%P11+22+L}}+22> +am? (P“+L},1+S%2> ’
K2cc
B(E+ = pr9 -«
— g2 P12 4 2<P“+L +S )
K2C

B+ — prY) .« = ~24"U",
B(z+ —Ii};nO) o = VL,
Kas = —4v2¢%v1}?, (6)

B(E+ = prY) -«

in agreement with our own computation and [34]. Here,

2
v = ,/1-— 4@, Ul+22 = g 4 U2 and likewise for

L, P, Lip, Iz.Theqz-dependentterms U, L,S, P, Lp, Sp
denote quadratic expressions of helicity amplitudes and cor-
respond to unpolarized transverse, longitudinal, scalar, trans-
verse parity-odd, longitudinal parity-odd and scalar parity-
odd contributions, respectively. The coefficients I1p, I4p
and I, I3 correspond to longitudinal-transverse interference
terms, where the subscript P refers to the parity-odd ones. We
refer to Appendix A for expressions in terms of Wilson coeffi-
cients and hadronic form factors, f; (qz), gi (qz), i=+,1,0
and h;(¢*),hj(g?),j = +, L, which are defined in Ref.
[9,12].

The GIM mechanism is responsible for the absence of lep-
tonic axial-vector currents in rare charm decays. Therefore,
neglecting higher order electromagnetic contributions to Cg

[6],
Kt =K' = K3 = K =0. (7)

At the same time, these angular observables serve as clean
null tests of the SM. The first one, K., has already been stud-

@ Springer

iedin A, — put ™ [9] and three-body 1/2 — 1/2¢%¢~
decays of A., E. and 2.’s [12]. The other three null tests,
K>, K34 and K44 are a new result of this work. They become
accessible in four-body decays, and vanish for « = 0. We
analyze the NP sensitivity in Sect. 3.

Let us recap basic features of the distribution Eq. (5). If
both 6, and ¢ are not measured, only the first line survives
and one recovers the double differential distribution for three-
body decayS'

d¢dcos 6
dqzdcos@g / / dqzdcosegdcose d¢ $deos bx

= 5 (Kiss sin® ¢ + Kice cos? 60p + Ky cosby). (8)

From here follows the ¢>-differential decay rate

dr / 1 T dcosOy =2 K155 + K ©)
— = ———dcos Oy = ,
dq2 . dqzd cos 0, (4 1ss lce
the longitudinal fraction of the dilepton system, Fp,
2K 55 — Kice
F = Iss lcc , (10)

2 Klss + chc

and the forward-backward asymmetry of the leptonic scat-
tering angle, Af;B,

Af ! / 1 / ' & dcos 6
= - — —F——dcCoSs
FB = ar/dq? | J, 1| dg2dcos 6, ¢

_ 3 K.
2 2Klss +chc’

see [12] for a detailed discussion of the phenomenology in
and beyond the SM.

Kinematic endpoints are q%in = 4m%, corresponding to
maximum hadronic recoil, and ¢2,,, = (m g, —mp,)?, corre-
sponding to zero hadronic recoil. The latter is subject to sym-
metry relations, enforcing K;; = K¢, hence F = 1/3
and similarly Ko5; = K>, model-independently at this point
[35]. These relations hold also at the other end of the spec-
trum, at qﬁlin, because here the four-momenta of the leptons
coincide which leads also to a reduction of Lorentz structures
[12].

The integrated decay rate is obtained as

Y

ql“ax
r= /2 (2 K155 + Kicee) dqz, (12)
q

min

where phase space cuts may be applied. Integrating the full
g region with +40 MeV cuts [19] around the » and the ¢
resonances, we find
BE! - 2T (—~ prutu™) ~1.8x 1078,
B(Eg — A= pr Ty ~ 2.4 x 1077,
B(Q? - 2% — A%7Outu™) ~2.5%x 1078, (13)

in agreement with results in Ref. [12] multiplied with
B(By — Bym) given in Table 1.
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3 Probing NP with angular observables

In this section we discuss angular observables in rare,
semileptonic charm baryon decays that can cleanly signal
NP, and work out sensitivities to specific Wilson coefficients.
The full angular distribution (5) features four GIM-based null
tests, K., K2¢, K35 and K4,, which vanish in the SM, see
Eq. (7). In addition, F7 (10) is also a sensitive probe of NP
[12]. In Sect. 3.1 we work out BSM signatures in F;, and
in a similarly simple and sensitive observable, the hadronic
forward—backward asymmetry, ~ 2Ko55 + Koce-

Ki. and Kj. correspond to the leptonic and combined
leptonic-hadronic forward-backward asymmetries, respec-
tively. They are discussed in Sect. 3.2. Null tests in the
longitudinal-transverse interference terms Kg5 ~ I 12 and
Kz ~ 1 J p are analyzed in the next Sect. 4. We summarize
a strategy to disentangle Wilson coefficients based on three
asymmetries and F in Sect. 3.3.

3.1 AlL and Fp

The hadronic forward—backward asymmetry AIP:IB is defined

similar to the leptonic one, AﬁB, Eq. (11), as

; (1692 + 1C10P = [C1o[*) At /575=

AEB shares features with F7 (10), shown in the right plot
of Fig. 1: cancellation of hadronic uncertainties in the SM
(orange), strong sensitivity to NP contributions in some Wil-
son coefficients and large uncertainties in NP scenarios due to
unknown strong phases, observed previously for F7 in [12].
The main differences between these two angular observables
are the following:

e [ = 1/3 at both kinematic endpoints of maximum and
zero recoil, whereas AEB is unconstrained at low g2 and
vanishes at maximum g°.

e [ is mostly sensitive to radiative dipole couplings C7
and C’ , see the blue and green bands in the right plot
of Fig. 1. AEB is similar (equal) to the SM in scenarios
involving C7 (Cg or C1g), but strongly altered in scenar-
ios involving right-handed currents C;, Cj, C},, see the
green and red bands in the left plot of Fig. 1.

The different impact of left-handed and right-handed NP
contributions to A]P:IB can be attributed to the parity behavior
of the angular observables. While K and K. are P-even
observables, Ky and K».. are P-odd. This leads to cancel-
lations between numerator and denominator only in the case
of left-handed contributions. To illustrate this consider A{SIB
for my = 0 in scenarios with C9 and Cfg and all other NP
coefficients switched off. It can be written as

AFB = —u-

((icoP +]Cr0=Ciol* ) Bass+ (1CoP + [Cro+Cio[*) Clgs-)

(15)

1
Al -
FB ™ dr/dgq?

2
d¢d cos 0¢d cos 0.
[/ / :|[ / dfldeOSszcosO d¢ $d cos Od cos O

_ l 2 Kogs + Koee (14)
2 2Ki55 + Kice '

Unlike AFB, A Fp 18 not a null test of the SM, however, it
turns out to be a highly sensitive probe of right-handed quark
currents as illustrated in the left plot of Fig. 1. Here, the
orange curve displays the SM expectation, and several NP
benchmarks are shown in red, green and blue. The brackets
in the subscripts are understood as or, for instance, C, éﬁ a0 =

0.5 is short for Cy = 0.5 or C{, = 0.5. We learn that AII;IB is
sensitive to C}, Cg and C,.

where A(g?), B(¢%) and C(g?) contain form factors and
kinematics and are given in Appendix A, and s+ = (mp, =
mp, )2 — q For C10 = 0 the coefficient Cgy cancels as in
F, leading to the thin SM (orange) band. For Cjg # O the
same effect happens and |C9|2 + |C 10|2 drops out. On the
other hand, for C{, # 0 the numerator is proportional to
|C9|2 — ]Cio 2, which does not cancel against the denom-
inator and leads to NP deviations with ¢2-shape driven by
C§ (¢%). The same arguments holds for dipole couplings C;

and C é/) : AEB is strongly sensitive to the latter, but not the for-
mer. Note, interference terms between Cg and C7 softly break
the exact cancellation (blue band around the SM). Again we
stress that the requisite additional minus sign in front of the
primed Wilson coefficients arises because K»s and Ko are
P-odd.

@ Springer
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1.0
Cr=03
=03
0.41 0.8 =03
’ SM
0.21
0.6 1
= 00 -
0.41
—0.2
0.21
—0.4
: : : : 0.0 = i ; ;
0.0 0.5 1.0 1.5 0.0 0.5 1.0 1.5

q* [GeV?]

Fig. 1 The hadronic forward-backward asymmetry AIP?{B (14) (left
plot) for Ej — X (> pn’o)/l,+/L_ decays in the SM (orange) and in
NP scenarios with C7 = 0.3, C or Cj, = 0.5 and C; = 0.3 in blue,
red and green, respectively. A NP scenario with Cy or Cjq only is not
shown, as it is indistinguishable from the SM. The right plot shows the

3.2 Al and A%y

A third forward—backward asymmetry arises from combin-
ing leptonic and hadronic ones, A]‘;lg,

=g [~ LI
2 d4F

ded Ocd 0

X/é dg?d cos 0yd cos 6 ¢d cos fd cos b
3 K

2 B2k (16)
4 2K]ss +K1cc

It is yet another charming null test of the SM, because Cyg
or C}, are required to observe a non-vanishing signal.

In Fig. 2 Af is shown (left plot) for three different NP
scenarios in red, green and blue for Cq or Cio =0.3,Cio =
—Cjy = 03 and Cjp = Cj, = 0.3, respectively. These
benchmarks are chosen to illustrate the following: Firstly, C1¢
and C, contributions are indistinguishable within the large
uncertainties induced by unknown strong phases entering in
Eq. (3) and varied in the plot. Secondly, a scenario with C1g =
C leads to a partial cancellation of contributions leading to
adecreased signal with respectto C1p = —Cio scenarios. We
also show Afy (11) in Fig. 2 (right plot) for C1o = 0.3. We
recall that AﬁB is a charm specific null test with sensitivity
to the axial-vector coupling Cjo down to the percent level.
A%B vanishes at both, the low and the high g2 endpoints.

The main benefit in studying Af;lg in addition to Af;B is
complementarity. As pointed out in Ref. [12], AIQB has sen-
sitivity to Cyo, but not necessarily C{,, as this would require
also NP contributions in Cg. In Af;lg interference terms of
type CoC',, exist, which are needed to observe a NP signal
in a C},-only scenario. In addition, Agg does not necessarily

@ Springer

¢ [GeV?]

fraction of longitudinally polarized dimuons F, (10) in the SM (orange)
and NP scenarios C7 = 0.3, Cy = 0.5 and C; = 0.3 in blue, red and

green, respectively. Scenarios with Cg and C fg can not be distinguished
from the SM with F;, and are not shown. The width of the bands stem
predominantly from unknown strong phases

vanish at the high ¢ endpoint, and rather assumes a model-
dependent value [35].

3.3 Model-independent analysis

To outline the strategy for disentangling NP contributions in
charm baryon decays, we first summarize the sensitivities
to single Wilson coefficients. The observables Af;B and Fp
appear in three-body decays, while AEB and Afé% are arise in
self-analyzing four-body decays discussed in this work.

1. Afg is anull test that probes Cjo

2. AH is anull test that probes Cyg and C7,
3. Fp probes C7 and C,

4, A]l;‘B probes C’, C§ and C,

If there is no signal observed for the null tests AéB and Af:g,
one concludes that both Cyy and Cio are well below the per-
cent level. In a next step F, can be used to probe dipole con-
tributions C7 or Cé. To differentiate between the left-handed
and right-handed dipole operators, AEB can be employed.
Similarly Cé can be extracted from AEB, if Fr is SM-like.
In a scenario with non-vanishing null tests, NP contributions
to C§8 are evident. Here, again AEB differentiates Cj¢ and
io- In addition, Af;B and Afélg reveal information on Cio
contributions. The only coefficient which can not be probed
efficiently is Co, as it is dominated by the resonances C9R . As
anticipated already in [12], a future simultaneous fit of Wil-
son coefficients and resonance parameters is then needed.
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cl) =03
0.2 Cho=—Cly =03
Cio=Cl =03
0.1
< ~—
—0.1
—0.2
0.0 0.5 1.0 15
¢ [GeV?]

Fig. 2 The left plot shows the forward—backward asymmetry in both

hadronic and leptonic scattering angles, A{’:g (16) for Ef — =t (—

pno)u+u_ decays in NP scenarios with Cyg or Cio =03,Cio =
—C}y = 0.3 and Cj9 = C}, = 0.3 inred, green and blue, respectively.

4 Further null tests

In this section we discuss further null test opportunities for
rare charm baryon decays. We begin with the angular observ-
ables K3; and K44 (Eq. (7)) in Sect. 4.1, discuss dineutrino
modes in Sect. 4.2 and present null tests that become avail-
able if the initial charm baryon is polarized in Sect. 4.3.
The study of charged lepton flavor violating modes offers
even more clean null tests but is beyond the scope of this
work.

4.1 K3z and Ky,

The angular observables K35 and K45 vanish in the SM, see
Eq. (7), or any SM extension with vanishing C1g and C,.
Both K3; and K4, contain terms of the form Cy9Cjg and
CyCjy» just like Ko o Af;g, and unlike K. o Af;B. The
latter requires additional NP coefficients to be sensitive to
Cio- This way, K35 and Ky are structurally similar to Afég,
discussed in Sect. 3.2. All three of them probe C;g and Cio,
although with different combinations of form factors and NP
coefficients.

At zero recoil, K3y = Ki. = 0, and K4s(dr/dq2)_l =
—K5.(dI"/dg?)~" and in general finite, with the value depen-
dent on the model [35]. In Fig. 3 we show K3 (right
panel) and K4 (left panel), normalized to the differential
decay rate, for the same benchmarks with NP in C(’) as for
A‘ZB in Fig. 2. While the different Wilson coefﬁment and
form factor combinations of K3; and K only offer lit-
tle qualitative complementarity compared to AFB, they do
increase the statistics and enhance the sensitivity in a global
analysis.

074< Cy=03

0.24

FB

14

001 T
—0.21
—0.41

0.0 05 1.0 15
q* [GeV?]

The right plot shows AéB (11) only in a C19 = 0.3 scenario. The width
of the bands stem predominantly from unknown strong phases. Both
AL and A%, are null tests of the SM, Eq. (7)

4.2 Baryonic dineutrino modes

Dineutrino modes induced by ¢ — wuvv transitions are
severely GIM suppressed and negligible in the SM [1]. Any
observation hence signals NP, making them prime candidates
for searches [10]. The effective Hamiltonian reads

4G Lo Lo
—— (el +ciol),

Hegr =
€ \/E -

)

with C}/ , negligible in the SM and

Q%Z(ﬁRy/LCR)(‘_)LjVMVLi)-
(18)

QiLj=(ﬁLVuCL)(\7LjV”ULi),

Assuming the absence of light right-handed neutrinos, only
these two operators exist for each combination of neutrino
flavors i, j.

The self-analyzing four-body decays offer further oppor-
tunities for rare charm decays into dineutrinos. Specifically,
this concerns the decays 85 — X% (= prOvi, B —
A% (= pr)vi, and Q0 — B0 (— A%7%)vi. The angular
distribution is then given by

2 F
5 / / d¢ dcos 6
dq dcos 9,, dg?dcos 0, dcos Opd¢
=2 K55 + Kiee + (2 Koss + KZCC) cos Oy, (19)

and accessible without reconstructing the neutrinos [35].
Note, here, in K155, Kice, Kass and Ko one has to replace
Co=—Cio = 2Cf/2and ¢§ = —C}y, = =} )2,
skip the m% terms and incoherently sum the neutrmo fla-
vors ij. This gives rise to two independent observables, the
differential decay rate and the hadronic forward—backward
asymmetry A g (14).

@ Springer



357 Page 8 of 13

Eur. Phys. J. C (2022) 82:357

Cip=03
Co = *C{n =03
Cho = Cly =03
0.2
5[t
\$ 0.0 ———ec ‘v
S
—0.21
0.0 0.5 1.0 15
¢ [GeV?]

0.4 Cro—03
Cro=—Cly=0.3
Cp=Cly =03
0.2
55
?5 0.01 =
B3
—0.21
—0.4+ ; : :
0.0 0.5 1.0 1.5

¢* [GeV?]

Fig. 3 The angular observables K4, (left) and K3, (right) normalized to the differential decay rate for Ezr - YT (= pno);fru* decays in
different NP scenarios for Cg and C{,. The width of the bands stem predominantly from unknown strong phases. Both observables are clean SM

null tests, see Eq. (7)

The hadronic forward—backward asymmetry AEB isobtained 4.3 Polarized Charm baryons

by integrating over the leptons phase space, and therefore can
be measured in dineutrino modes. It reads

AL (By — Bi(— Bym)vi)

. (ICLI* = ICr*) A(¢®) /555
|CL — CrI* B(gH)s+ + |CL + CrI* C(g?)s-
(20)

and probes Cg/Cr . To ease notation here we omit the flavor
indices. In the limit Cg = 0, the asymmetry becomes free of
Wilson coefficients,

A@)SE—
B(g*)sy +C(g?)s—
(2D

AEB(BO — Bi(— Bym)vy) = —«

The functions A(g?), B(¢*) and C(g?) contain form factors
and kinematics and can be seen in Appendix A.

Upper limits on the branching ratios can be derived from
a global EFT-analysis [10]

BE}F - =t (= pr®vi) <3.9x 107,
B(E? - A= pr)vi) <3.6 x 107°,

B(Q? — 2%— A7) < 7.1 x 1073, (22)
in agreement with results in Ref. [12]. The upper limits are
stronger when assumptions on the lepton flavor are made
[10]. These are given in the next equation, with the first entry
corresponding to charged lepton flavor conservation, and the
even stronger one in parentheses assuming lepton universal-

ity:

BE}F - =T (= prvi) S 1.1 x 1072, (1.9 % 1079),
BE? - A%(— pr i) S1.0x 1076, (1.7x 1077,
B2 - 2%— A%Ovp) <1.9x 107°, (3.4 x 107). (23)

@ Springer

Let us point out that studying decays of polarized charmed
baryons introduces further null test observables on top of
those given in Eq. (7). We identify in total eight additional
angular null tests probing leptonic axial vector currents, i.e.,
C 58 [6], which are proportional to the initial By-polarization
Ppg, ,

K13, K16, K18, K20, K22, K24, K26, Koglsm >~ 0, (24)
with the differential distribution [34] given in Appendix C.
Among these, K3, K2> and K»4 do not vanish for ¢ = 0
and hence can be studied in the simpler three-body decays,
including A — pu™ ™. We note that Kj3 = —Pp, Ko,
anticipating that a study with polarized baryons can access
some of the null tests, here Af;%, that otherwise require a self-
analyzing four-body decay. If in the future high luminosity
sources of polarized A.’s or other charmed baryons can be
used, see [36] for LHC and e e~ -collider possibilities, we
would like to come back to explore these observables and
their NP reach in charm in more detail.

5 Conclusions

We perform a full angular analysis of baryonic |Ac| =
|Au| = 1 four-body decays with self-analyzing secondary
baryon to explore the BSM reach. We identify several
such modes: Ef — XF (- prete—, B — A%(—
pr)te and Q0 — B (— A%70)¢te~, with sizable
decay parameter, see Table 1. The full differential distri-
bution of an unpolarized initial charm baryon (5) features
ten angular observables, seven more, and with different NP
sensitivities, than the ones available with three-body decays
such as A. — pft¢~. We point out three new, clean
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null tests of the SM, K»., K35 and Ky, see Eq. (7). Just
like the leptonic forward—backward asymmetry A{Z:B x Ki¢
(11), their SM contribution can be safely neglected because
the GIM-mechanism switches off axial-vector couplings
of the leptons, a feature previously exploited also for the
D — mm ¢~ angular distribution [6]. We also find that the
hadronic forward—backward asymmetry AIEIB (14), although
not a null test, can cleanly signal BSM physics in right-
handed currents, C§ 9.10° illustrated in Fig. 1.

The angular observables in four-body decays enable
highly diagnostic tests of BSM couplings. Concrete anal-
ysis of the NP sensitivity, see Sect. 3, shows that already four
observables, the longitudinal polarization fraction Fy, (10),
together with the forward—backward asymmetries A;‘B, Af;B
and Af;lg (16) allow to pin down BSM Wilson coefficients in
one go:

If there is sizable NP only in F7, itis C7.

If there is sizable NP only in F; and AEB, itis CJ.
If there is sizable NP only in AEB, it is Cé.

If there is sizable NP only in AL and AL, itis €},
If there is sizable NP only in Af;B and Aﬁlé, itis Cqo.

The price to pay for the self-analyzing (quasi) four-body
decay is the limitation to specific charm baryon modes; the
suppression from the secondary baryon decays is modest
since branching ratios are at least 50 %. Experimental analy-
sis is suitable for (advanced stages of) high luminosity flavor
factories LHCb [21], Belle I [22], BES III [23], and possible
future machines [24,25].

Decays of polarized charmed baryon offer further GIM-
based null tests (24), some of which persist in the simpler
three-body decays. Their exploration should be pursued fur-
ther if in the future high luminosity sources of polarized A.’s
or other charmed baryons become available.

We note in passing that the hadronic forward—backward
asymmetry is obtained by integrating over the leptons phase
space, and therefore can be measured in dineutrino modes
EX - 27 (= pri, B2 - A% (= pr)viand Q0 —
=0 (— Aono)vf), briefly discussed in Sect. 4.2, too.

We conclude that rare decays of charm baryons contribute
extensively to our endeavor to search for NP. Dedicated com-
putations of form factors for Ef — 2+, E? — A and
QY — E° transitions are desirable. As anticipated in [12], a
simultaneous fit of |Ac| = |Au| = 1 Wilson coefficients and
resonance parameters is called for. The sensitivity of such a
fitis enriched by the new presented observables in four-body
baryon decays.
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Appendix A: Helicity amplitudes

Following [14] we introduce the contributions to the angular
observables (6)

smm = N2~Re[7-(’{” HT{”/+H’”17 HWJ,
s’ :N2-Re[m{ Hﬁ'f’; —H" H™ }
U = N2 Re| m Hﬁ’"/+H’_”%’_ H™ }
P = N2 Re| T Hi’”,—H’”l’ H™ ]

/

L™ = N?.Re|H? H™ 41", H™ }
2

L’;m/zNz-Re m H"’“—H’j1 i }
- ’ ’ _Z’

Imm’—N—zRe AL VL A
1P 4 3.1 =10 —3.0" 711
— My R = H MY
107 -1 1-1""10
5
’ N ! KA
7t — 2 m m fm' qm m
2 =T e T T
_qam g gtm m m
H%’OH_%,—I_'_H—%,— H%’O b
9
I ’ Lo/
o = —_Re|H" H™ K™, H™
3 4 50 T 000
-
+HE H™ 4w, HI™,
LN g —4-1""10
s r
pmm Im m HTm/ — K" H'm/
Ty P50 =307

@ Springer


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

357 Page 10 of 13

Eur. Phys. J. C (2022) 82:357

T ’
7()7_{:”1 - Hm 1

e BT

+HY (A1)
2

'
Y 0},
in terms of helicity amplitudes Hj'_ e where Ay and A,
denote the helicities of the ¥ baryon and the effective cur-
rent y*(— ££), respectively. Ay can therefore assume val-
ues of :I:%, whereas A, takes values of 0, &1, and we further
distinguish A, = ¢ in the J, = 0 case and A,, = O in the
Jy, = 1 case. The superscript m") distinguishes between lep-
tonic vector (m”) = 1) and axial-vector (m") = 2) contribu-
tions. While the former receive contributions from C;/) and
Cé/) , the latter are induced by Cfg, hence vanish in the SM.
The helicity amplitudes HT;, 5, are obtained by summing
the contributions from individual hadronic matrix elements,
H;f‘z"fky, hence HTE,A > sz - Here, a = 1,2 cor-
and a = 3,4 to
those from 4-fermion operators Cg) and C Yo) Contributions
a = 1 and a = 3 are induced by quark-level vector currents,
hence proportional to C + C’, whereas contributions a = 2
and a = 4 are induced by quark-level axial-vector currents,
hence o« C — C’. Due to parity, flipping the helicities results
in a minus s1gn for the amplitudes a = 2 and a = 4. The
amplitudes H 5., Are then decomposed as

respond to dipole contributions from Cél)

1 1.1
Hx:xyszgx +HAEA +szx +HAZAV

1,1 2,1 4,1
H—Ag —y = sz Ay T sz Ay + H/\z Ay H)\):,)\y’
_ /32
H}\.Zy)\-y - HA.E Ay + H}\z Ay’
2 _ 132 4,2
H—kz,—ky - H}»g,)»y - Ax,Ay” (Az)

For convenience we give in the following a list of single
contributions but stress that except for the different decay
modes these equations are equivalent to Egs. (C3)—(C5) of
Ref. [12]. The helicity of the initial, charm baryon satisfies
Ag, = —Ax + Ay

1 .

A.EC = j»)‘)/ =1
HM =0,

Ny
H =0,

y

3,12 VS
H_f} (Coa0) + Co 10)) \/»fo(q )(mz, —my),

2

(A3)
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HY| = —(Cr

20

- () \/—\/H/M(C] ),

H“” (Coq10) + Cg (10)) = /5~ [ (@) (mz, +mz),

\F

H4 12) = —(Co10) — C9(10))\ﬁ*/§g+(‘7 Y(mg, —my),
(A4)
)"Ec — %, )\}/ =1:
\/—hL(q )mg, +my),
= V27~ )T Sizh 1 (gP)mz, — m),
3 1(2) = v2(Co10) +C9(10))\/_fL(q )
H4 1<2> —V2(Coc10) — C (10)) /558 (@7). (AS)

Using the helicity amplitudes we obtain for the contribu-
tions in Eq. (A1)

2
U'l = 4n2. H(C7 +C) %(mgj +my+)hy

2
+(Co+Cy) fr| -s-

+ '<c7 - q; (mg+ —mz+)hy

2
+(Co — Cy) g1 -S+]

2N2

L' = H(C7+C7)2mch++(C9+C9)

2
S

(mgj +mx+) f4
+ '<c7 —Cp)2mehy

+(Co — Cy) (mg+ —mx+) g4

2
.S+]’

2
R

U = 4N2. H(Clo +Clo) fL
2

.4,

n _ 2N? /

L Z?' (Cro0+ Cip) (mgr +ms+) fr

2
.S+],

2
c Sy

(Cio— C1p) 81

2

(Ci0 — Cp) (mgy —mx+) gy

22 _ 2N2

[ '(Clo + ClO) (m"+ —myx+) fo
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2
.s_}

+ ‘(CIO — Clo) (mg+ +msg+) go

pl2 — _gnN2. |:Re((C7 — Cé) (CTO
Ci) =5 L2 (mey —mze) fLhy
+ Re((C7+ Ch) (CHy — )) > (mey

+mx+)gLhy

+ Re(CoCy — CoCy) g1 fj_:| S JSis_.

Gi-a v /A(m m s qz)
Here, N2 =

3
32”7r m o+

(A6)

with the Kéllén function

Aa, b, ¢) = a? +b2+c — 2(ab + ac + bc) and s+ =
(mgy+ my+)? —g?. The contributions in Eq. (A6) are those
relevant to three-body decays and have already been given in
Ref. [12]. The additional contributions that arise in the full,

four-body angular distribution (5) read

11 4N? ’
LP = —7 -Re (C7 + C7) 2mch+

+ (Cg + Cg) (mg+ + m2+)f+)
- ((C;* — C¥)2mehy + (C5 — CY)
X (mgt —m2+)8+>:| CN/SH85—,
P!l = _gN? ~Re|:<(C7 + c7) hJ_(m~+ +my+)
+ (Co + Cy) f¢>
* */ 2m€“
| (C7 =CF) q_ghl(majr —my+)
+(C5 = C3) 8L>:| SRV

22 4N2 2 r 2 2 2

L% == (IC10P*~IClol?) frgsm —m3.)
A SHS—,

P = —8N?. [(|clo|2 e Ti) ﬁg@ s,

U'? = 4N2. [(Re((C7+C7)(C10+C ))
2m
X frhy— 7 (m~+ +my+)

+ Re((Cy + CH)(CFy + C10)) fl>

2m,
<R€((C7 — C)(Cly = Cip) gLhL—- 7 (mg+ —msz+)

+ Re((Cy —

(]2

Vcr

o _ 4N

Co)(Cly — Cio)) &1

)]

[<|C10| —[Col )fogo(mé: —m22+):|

The interference terms are given by

1} Nz\/7 [Re((c —Ch(cx
o 7 D(C3

(AT)

. (il+hl(ma:r +my+) — h_;ﬁl(ma:r — mg+))
Cé)(Cék + C;/))

+ Re((Cy —

: (g—&-fl_(mgj —my+) — frgL(mgy +mz+)>
+Re((Cy — C)(C7 + C7)) 2m

+Re((C7 — CH)(C§ + C§')) 2m,

hyfL— frhy

2

m-, —

q2

2

my.,

2
= N? /? . |:(|C10|2 —IClo®

: (ng+(mgj —my+) — frgr(mgy +m>:+)>]

NS5,

/2
L' =2m. N? 2 [Im((cg + CH(C3 + CFy)

: (fﬂl+ — fyhy

2

7))

q
— Im((Cy — Co)(C5 —
- ~ (mgj - m2+)2
gLhy —g4h) ———5——
q
13 =0,

2
12 NZ\/: |:Re((C7 + C)(CYy + Cip) me

Mg+ +m2+)2
Nhefr+ frhr——5— | - s-

—Re((C7 -

(

C(Co =

q2

(maj + m2+)2>
—_—_—m .s_

)
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- - (mE;F — m):+)2
higi + g+th—2 Sy

+Re((Co + C4)(Clo + C)
. (f+fl(m33' =+ mz+)> S
—Re((Cy — CH)(CTy — CIO))

: (g+8i(mgj - m2+)) 'S+:|,

|2

12 =N? 2 |:Im((C7 + CH(CFy — CFO)) me
méj —mZ,

th+q—2 +higyL

+ Im((C7 — Cé)(CTO + CT(/))) me
- mé{r - m%ﬁ -
hLﬁCT +hyfL

! * */ 1

+Im((Co + Co)(Ciy — Clo))z

: (ng+(mgj —my+) + frg1(mgr + m>:+)>
4 * */ 1

+ Im((Cy — Co)(Ciy + Clo))z

: (gl_f+(mgj' +mye) + g4 fLimgr — m2+)>]

c/SySs—. (A8)
All additional contributions (A7), (A8) except U2, 1!
and 1312 are P-odd, that is, change sign for C; < Ci’, and
vanish for C; = Cj.
In Egs. (15), (20) and (21) the following qz-dependent

functions appear
2 2
Mpy —Mp
A(qP) =2 figL+ frer #

(mBO - mBl)2
q° ’

2
mp, +mp
Clgy =gt + 2 i) 7 )

B(g®) =242 +¢%

(A9)

Appendix B: Helicity amplitude description of By —
By

The secondary baryonic decay By — By, here discussed

for ¥t — pn¥ can be parameterized by the sum, o,
and the difference, o—, of the helicity amplitudes h%p (Ay)

squared
1
hE (rg =—=
(2=73)

1
hr iy ==
H(2=3)
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2
+

2

o = (BI)

The helicity amplitudes of non-leptonic baryon decays
involving a spin-0 meson, here taken to be a pion, can be
parametrized as

hE (i) = Grmlity(p)(A — Byshus (is), (B2)

where A and B are complex constants [37] and m, the pion
mass. We compute the amplitude in the rest frame of the
1 with the z-axis pointing in the direction of the proton
momentum. The spinors then take the form

1
ux (p, Iy = i§> = /2mx (X(jt)

i (5 —:I:l _JE v FIkl s
Up \ K, Ap = 5)= ptmp Xi,mxi )

(B3)
where p (k) denotes the four-momentum of the £ (proton),
with p® = myx, |p| =0and E, = /|k[2 + m? is the energy
of the proton, hence k = (E,, 0,0, k)T, and x1 = (1,0)T,
x— = (0, )T, Plugging the spinors into (B2) and simplify-
ing, we arrive at

h

D= M

(Az = %) =V2mzGrm} (Jry A+ Jr_B),

hE, ()\2 = —%) = 2msGrm2(Jr3 A — J/T_B),
(B4)

with ry = /E, & m. Using these helicity amplitudes we
can express ot as

ay =4GEmims (ry|A> +r_|B)?),

o = SG%mimga/ur, Re(AB™), (B5)
and obtain for their ratio
r—
o 2 /HRe(AB*)
— = =q, (B6)

ap AP+ B

which corresponds to the decay parameter « in [16]. We can
therefore factorize o4 from the angular distribution and use
ar =B(ET — pr)and g—; = o/ to arrive at the expressions
given in Sect. 2.2.

Appendix C: Angular distribution for polarized initial
baryons

Taking into account initial state polarization, the differential
decay distribution depends on five angles and ¢2 and reads
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d°r
dg? d@

3
= nn?
+ (Kass sin? 0y + Kaee 082 0 + Ko cOs 0¢) cos O
4+ (K3gc sin 6y cos 0y + K3, sin 6p) sin 0 sin (¢ + ¢y)
4+ (K45c sin g cos Oy + K4 sin 0y) sin O cos (e + ¢¢)
+ (K11 sin2 6, + K12 cos2 6, + K13 cos 0r) cos O,

( (Km sin? O + Kice cos? 6¢ + K. cos 9{)

+ (K14 sin? O + K15 cos? 6¢ + K16 cos 05) cos 0 cos 6,

+ (K17 sin 0y cos Oy + K g sin 6y) sin 0 cos (¢, + ¢y¢) cos O,
+ (K19 sin 8y cos 0y + K»oq sin 6y) sin 0 sin (¢ + ¢¢) cos O,
+ (K> cos 0y sin 0y + K2 sin 6y) sin ¢ sin 6,

4+ (K23 cos g sin 0y + K74 sin 6g) cos ¢y sin 6,

4 (K5 cos g sin 0y + K76 sin 6p) sin ¢y cos 0 sin 6,
+ (K27 cos By sin 0y + K7g sin 0y) cos ¢y cos O, sin O,
+ (K29 cos? 6¢ + K3p sin? 49[) sin 0 sin ¢, sin 6,

+ (K31 cos? 6 + K32 sin? 9@) sin 6, cos ¢, sin O,

+ (K33 sin? 91) sin 0, cos (2¢¢ + ¢pc) sin 6,
+(

K34 sin® Gg) sin 0 sin (2¢¢ + ¢.) sin GC). (ChH

K11, K12, K13, K»1, K77, K73 and K4 survive in the

limit « = 0 of which K3, K3, and K4 are null tests. The
first four lines are identical to Eq. (5) with ¢, + ¢¢ = ¢. ¢,
and 6, are new angles related to the initial state polarization,
see Ref. [34] for details.
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