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We study weak radiative |Ac| = |Au| = 1 decays of the charmed antitriplet (A, ZF, Z2) and sextet
(TH, =, 20, B, B9, Q) baryons in the standard model (SM) and beyond. We work out SU(2)- and
SU(3) --symmetry relations. We propose to study self-analyzing decay chains such as 27 — =+ (— pz°)y
and 2% — A(— pz~)y, which enable new physics sensitive polarization studies. SM contributions can be
controlled by a corresponding analysis of the Cabibbo-favored decays A} — (- pz®)y and
EY — E%(— Ax®)y. Further tests of the SM are available with initially polarized baryons including A, —
py together with A, — %y decays, or Q. — E% together with Q. — (A, Z%)y. In addition, CP-violating
new physics contributions to dipole operators can enhance CP asymmetries up to a few percent.

DOI: 10.1103/PhysRevD.105.116001

I. INTRODUCTION

Rare decays of charmed hadrons are sensitive to flavor in
and beyond the standard model (SM). The severe Glashow-
Iliopoulos-Maiani (GIM) suppression of |Ac| = |Au| =1
couplings within the SM makes observable electroweak
effects of new physics (NP) origin. At the same time,
resonance contributions and limited control in heavy quark
methods at the charm mass prohibit us from probing short-
distance physics in simple observables such as branching
ratios. Null tests are therefore key in testing the SM in rare
charm decays, in addition to data-driven methods to control
the SM background. Despite its nominal uncertainties of
order 30 percent, U spin and SU(3) symmetries are useful
in cases such as radiative modes where kinematical cuts or
angular distributions are not available, while NP effects can
be huge. In fact, the presence of partner modes, one induced
at tree level in SM via itc5d or iicds and one subject to
ucqq, q = u, d, s, sensitive to NP, makes SU(3) analyses
in charm more powerful than in beauty, where no such
partner decays exist. To stress this point even some more,
while flavor symmetries connect rare b decays [1], unlike
in ¢ — u transitions, there is no link to a SM-dominated
(W-induced) mode, that would allow us to determine
experimentally the SM background. Previous works
exploiting a data-driven strategy with rare radiative charm
decays and partner modes proposed a time-dependent
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analysis of D,D — Vy, V = p,K*, ¢, [2] and top-down
asymmetries in D — Ky [2,3].

Here we analyze the NP potential of radiative charm
baryon decays. Previous works exist for polarized A, — py
decays [4]. We propose to measure the photon polarization
that can be studied using self-analyzing secondary decays.
Hyperons with sizable branching ratios and weak decay
parameter [5] are given in Table I. Suitable singly Cabibbo
suppressed (SCS) decay chains turn out to be Ef — X1 (—
pn®)y and EQ - A(— pz~)y with Cabibbo-favored (CF)
partners Al — X (- pa’)y and E! - Z(— Ax)y,
respectively.

Branching ratio estimates are subject to sizable uncer-
tainties; see [6] for SCS modes. Theory predictions for CF
modes differ significantly [7-9], with branching ratios at
the level of 10~*, consistent with hierarchies from the SM
weak annihilation mechanism in D-meson decays [4].
However, these uncertainties do not affect the strategy to
test the SM; we only need them here to estimate the NP
reach. Ultimately, the branching ratios have to be deter-
mined by experiment. Rare radiative charm baryon decays
can be studied at high luminosity flavor facilities, such as
LHCb [10], Belle 1T [11], BES III [12], and possible future

TABLE 1. Branching ratio 3 and weak decay parameter ag of
self-analyzing hyperon decays [5]. Note, the Z7(1322) decays
almost entirely to Az~ with sizable ap = —0.4, however, it is not
produced in rare decays of charm baryons.

Decay B ag

A(1116) > pz~ (639 £0.5)% 0.732 £ 0.014
=+(1189) — pa° (51.57 £ 0.30)% —0.982 +0.014
29(1315) — Ax° (99.52 £ 0.012)% —0.356 £ 0.011
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machines [13,14]. We stress that none of the rare radiative
charm baryon modes have been observed yet.

The paper is organized as follows: In Sec. II we give
the effective Lagrangian [4], and present the SU(3), and
U-spin decompositions for antitriplet to octet and sextet to
octet decays. We also obtain sum rules and NP sensitivity
ratios. In Sec. III we present observables for two-body and
self-analyzing three-body decays, relate branching ratios,
and work out CP asymmetries. We work out the impact of
physics beyond the standard model (BSM) in Sec. IV. We
conclude in Sec. V. In the Appendix A we give parametric
input to our numerical analysis. SU(2)-flavor decomposi-
tions are given in Appendix B. The SU(3) decomposition of
the decay amplitudes are provided in Appendix C. Relations
for sextet to decuplet decays are deferred to Appendix D.
Irreducible SU(3) > amplitudes are given in Appendix E. In
Appendix F hadronic tensor form factors are defined.

II. THEORETICAL DESCRIPTION OF RADIATIVE
CHARM BARYON DECAYS

A. Effective weak Lagrangian

We use the framework of weak effective theory in which
the SCS, CF, and doubly Cabibbo suppressed (DCS) decay
Lagrangians can be written in terms of dimension six
operators [4]

£5CS 4G - (99) °
eff - <Z V uq Z CiOi + Z CiOi
i=1 i=3

q=d,s
8
+§]aa+qm0, (1)
=7
e _4Ge .y, ZZ:C-OV’”
eff — \/§ cs ¥ ud — Yy s
4G
LS = —FViqus Z c;o (2)

where Gp is Fermi’s constant and V;; are elements of
the Cabibbo-Kobayashi-Maskawa (CKM) matrix. In the
following, we only consider the SM contributions of the
and BSM effects to the electro-

magnetic dipole operators O<7/), q.q =d, s,

")
four-quark operators 05‘12’1

0\ = (@1,y,Tq,) (@, 7" Tcy),
0\ = (a,y,q.) (@, v"c,)
em, ,_
07 - 167[2 (MLGﬂDCR)F”U,
em, ,_

Here, g, /i are chiral quark fields, 7 are the generators of
SU(3) normalized to Tr(T*T") = 5'/2, o =L [y*.y"],

and F,, is the photon field strength tensor. Because of an
efficient GIM cancellation and resulting small SM Wilson
coefficients, we safely neglect the effects of the QCD
penguin operators O;_g, as well as the chromomagnetic

dipole operators Og), which enter at higher orders in

radiative decays. At the charm scale u. € [m./v/2,v/2m,],
the leading order Wilson coefficients of the four-quark
operators are given by [4]

C,€[-1.28,-083], C,e[1.14,1.06],
1
Ci=C+3C € 0.76,0.78],
2
C.=C,—3C €[1.99,1.61],
- 4 1

Here, we use m,. = 1.27 GeV. All other coefficients in (1)
are severely GIM suppressed and negligible for phenom-
enology in the SM. Specifically, the effective coefficient of
the dipole operator C&t is of order O(1073) [4].

Physics beyond the SM can significantly increase the
Wilson coefficients Cgl). D — p% and D — nf¢ decays
yield the model independent constraints [15—17]

|C7 )

Ch £0.3. (5)

B. Decay amplitudes

The general Lorentz decomposition of the B, (P, sp ) —
B(q, sg)y(k, €*) amplitude is given by

A(B. — By) = i(q,sg)[FLPgr + FrPL K¢ u(P,sp_)

(6)

where P; = (1 —y5)/2, Pg = (1 4 y5)/2 are chiral pro-
jectors, and F; and Fjy denote the contributions for left-
handed and right-handed photons, respectively. Here, sp_
(sp) denotes the spin of the B, (B) baryon, and P, g, k refer
to the four-momenta of the B.., B and photon, respectively.

Contributions to B. — By decays from different mech-
anisms are illustrated in Fig. 1. The weak annihilation (WA)
diagrams on the left provide the dominant contributions to
the SM amplitude; at leading order they scale with the
color-allowed coefficient C_. We do not attempt to com-
pute the WA amplitude as available theory methods lack
sufficient control. Instead we propose to extract them from
SM-dominated CF (or DCS) decays once measured and use
them for the SCS modes to test the SM using flavor
symmetries.

The contributions via intermediate vector resonances
shown in Fig. 1 (middle) depend on the color-suppressed
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FIG. 1.

Contributions to B. — By decays. Weak annihilation inside the baryon is shown on the left. The crosses denote the possible

photon emissions. Long distance contributions with a photon coupling to the weak current via the light vector mesons p°, @, and ¢ are

)

illustrated in the middle. On the right, the contributions from the electromagnetic dipole operators O’ are shown. The latter are
negligible within the SM, but can induce sizable contributions beyond the SM.

combination C of Wilson coefficients. To obtain a gauge
invariant amplitude for the long distance contributions [6],
the vector mesons have to be transversal polarized. This
can be achieved by the Golowich-Pakvasa method [18,19].
The long distance amplitudes in this approach, which is
commonly called vector meson dominance (VMD), read

CCVMD

FID — P2 =0),  F¥P =0, (7)
where
. 1 . L@z | 1 e
Cymp = VisVis (‘gfé) +VeaVua <—§f,(,o) +6 @ >

Using fy(k* =0) =~ fy(k* = m%), one obtains Cyyp ~
—6.3 x 107* GeV? due to GIM cancellations [6] about 1 to
2 orders of magnitude smaller than individual contributions
Af% ~ 1072 GeV?2. With the color and GIM suppression,
these long distance contributions are negligible compared
to the weak annihilation contributions.

Contributions from electromagnetic dipole operators

Og), shown in Fig. 1 in the diagram on the right, read

mC .=
FiF = 277 Gy (k2 = 0),
m, =
FYP = =2 Ut (2 = 0), ©

which can be neglected within the SM due to an efficient
GIM cancellation. We employ (9) to estimate the NP reach.
Hadronic transition form factors for dipole currents /2, and
h, are defined in Appendix F. Furthermore, we used the
endpoint relation 257" (k2 = 0) = 7P (k> = 0) of the
tensor form factors [20]. For A, — p they are known from
lattice QCD [21] and relativistic quark models [22].
Moreover, results from light cone sum rules are available
for Z. - X [23]. In our numerical analysis, we use the

results from lattice QCD /)77 (k* = 0) = 0.511 + 0.027
and iso-/U-spin relations between different baryonic tran-
sitions within the same multiplets, derived in Sec. II C.

C. Flavor symmetry relations
To bypass the difficulties in the calculation of the
nonfactorizable weak annihilation amplitude, it can be
estimated using data on branching ratios and the photon
polarizations for the SM-like decay channels and approxi-
mate flavor relations. For this purpose, we express the SM

Lagrangian in terms of U-spin operators following [24]
‘Cgf]f: & _VZsVud(lv _1)U’

L5655 o V2(2(1,0)y + A(0,0),),

LES o« Vi,V (1, 1), (10)

where (i, j)y = OxZ; and

* *
o Vcs Vus - vcdvud

z
2
ViV %% %M
A — cs us"z— cd le:_ Lh2 ub. (11)

Because of the CKM suppression of 1°, where 4 = 0.225 is
the Wolfenstein parameter, the contributions of the singlet
operators are negligible for branching ratios and the photon
polarization. However, they are crucial for SM CP asym-
metries; see Sec. [II D.

The general U-spin decomposition of the SM decay
amplitudes is given in Tables VI and VII. The middle and
right diagrams in Fig. 1 show the long distance and short-
distance ¢ — uy contributions, respectively, which are only
possible for the BSM sensitive SCS modes. In terms of U
spin and isospin, the corresponding Lagrangian can be
written as

Lo < (0,0)y
x (1/2.1/2),, (12)
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which is useful to derive form factor relations. In
Tables VIII and IX we show the decomposition of the
¢ — uy amplitudes.

Similarly, we can use the SU(3)y
the SM Lagrangian as

symmetry and write

LG =V ud<6 200 T 152 211>

_ 2 2
L5365 = (\/56111 +—=15;11 — 15131)
€ 37272 3 322 3322
1 2
+A<3111+—151u+ —151;1),
3272 3 3 322

where Ry, denotes a SU(3), operator with irredu-
cible representation R, hypercharge Y, and isospin I, /5.
|

Note that the operators 6 and 15 scale with C_ and C o [25],
respectively. Furthermore, the triplet operator 3%,%% refers

to the long distance contribution shown in the middle
of Fig. 1. The short-distance ¢ — uy contributions are
described by an operator with the same quantum numbers.
The SU(3); decompositions of the decay amplitudes are
shown in Tables X and XI.

In Tables II and III, we summarize our results for the
SU(2), and SU(3)p relations between decay amplitudes
and compare them with the SU(3), irreducible represen-
tation approach (IRA). More information on the SU(3)p
IRA can be found in Appendix E. Note that in this work we
will focus on decays into the light octet baryons. Thus, the
>+, which decays exclusively into A"y, is not present in
Table III. For completeness, we have added the relations for
decays of charmed sextet baryons into decuplet baryons
in Appendix D. Based on the U-spin relations in Tables II
and III, we obtain the following sum rules for the CF and
SCS decays:

AN = pr) —AES = Zfy) +2 VY AA, = Zty) =0
cs ¥ ud
VIAEL = Ar) + AB = 207+ 2V2 50— AR B'7) =0,
AZE = pyr) - AES - Zfy) +2 vV dA(Zi - X'y) =0,
\/g 0 =0 \/_ 0

— AZe = ny) = A = Ar) + V2 dA(Ec - Ay) =0,

2A(0 - ny) — A(EL - %) - 2v2 v* v A(Z2 - %) =0,
AR - ny) — A(Q, —» E%) +2V2 v* v A(ED - %) = 0. (14)

Flavor symmetries imply relations between the hadronic
transition form factors. Using U-spin/isospin we obtain
from Table II

_\/_h:.(—>A \/_h_t—i‘,o _ h_. Syt

and for the sextet decays from Table I1I

- SIARS 1 20 2 EOSA
hL p — hl :ﬁhL n — \/;hl

=0 _, 50 1 =0

= V2h7* :%h‘j« =, (16)

Note that other form factors based on operators with

the same flavor structure, such as the form factors

for semileptonic ¢ — uf¢ transitions, obey the same
relations.

In the computation of the SU(3) ; IRA relations, detailed

in Appendix E, we followed the notation of [26]. We find,

=Ky (15)

however, multiple disagreements with Table 4 of [26].' On
the other hand, the relations that we have determined with
three different methods are consistent with each other.
Furthermore, we checked that our computational method is
consistent with results for b baryons [27].

Amplitudes of SCS decays can be written as xyXXs-+
xpaAX 5 + x7X5; see Tables II and III. The (relative) NP
sensitivity is therefore related to |x;/xg|, whichis 1,1,1/3,
1 for the antitriplet decays A, — py, Ef — Xty, B — Ay
and 2 — ¥V, respectively. |x;/xy| is unity for all SCS
sextet to octet decays except for 20 — Ay, where it is 3. The
sensitivity hierarchy is therefore inverted between charmed
antitriplet and sextet baryon decays. To summarize, the
hierarchies for the NP sensitivity are as follows:

"The discrepancies are caused by missing contractions of
H(15) in [26]. We thank Rumin Wang for clarification.

116001-4



RARE RADIATIVE DECAYS OF CHARM BARYONS PHYS. REV. D 105, 116001 (2022)

TABLE II.  Flavor symmetry relations of the decay amplitudes for the charmed antitriplet baryons. A(/ and A(')
refer to the U-spin triplet and singlet SM contributions of the W-exchange diagrams. A( ) = Al(\l)p + A<L'D denote the
¢ — uy short-distance and long distance contributions with intermediate vector resonances. Note that Ag)

from U-spin singlet operators and A<L'])) also scales with A in the limit f, = f,(;d) =f r(lﬁi). Furthermore, A; = \/%Ag in

originate

the isospin limit. An analogous notation is used for the SU(3), relations with By = \/%Ag—ﬁAls,

Bg: = \/%Aé +\/%A15, BA = \/%AIS’ and B7 = BNP —+ AA3 D= —2(51 - 53 + 54),
D' =2(b, — by — b}), and D7 = 2b, + b, denote the W exchange and ¢ — uy contributions, respectively. The
b;, b; are defined in Appendix E.

Similarly,

Decay U spin SUB3)p SU(3); IRA
A.—> X%y VesViuaAs VesViuaBs VesVuaD
B — E% ViesViuaAs VisVuaBs VisViaD'
A, = py —SAs + AAp + Ay By — AB, + B; =D — Ab, + D,
EF > Ity TAs + AAy + A; —SBy — AB, + B; 2D + Ab, — D,
20 Ay —\32Ag — L (aay + AY) VEBL+ 8By + LB, -\ fiED 4\ fi8by + %D
20 - 30y —%ZA’Z+§(AA’A+A’7) —%ZB;:+\/_ABA+\/ \/LEZD’+\%AB4+%D7
ES = py VeaVusAs VeaVusBs VeaVusD
B = ny —VeaVusAs ViaVusBs =VeaVusD'
TABLE III.  Flavor symmetry relations of the decay amplitudes for the charmed sextet baryons. Analogously to Table II, Ey, (0 ,Ey ')

and E%O denote the U-spin triplet, U-spin singlet, and the ¢ — uy contributions, respectlvely. Note that v/2E; = E’ in the isospin limit.

An analogous notation is used for the SU(3), relations with Fy = |/3AL — 3\/_ ise Fi=4/2AL +%\/- 150 Fa= ;\/‘A,w and
F;= \/%(FNP + AAY). Similarly, G = —/2(b} — by + b)), G' = —/2(b}, — b — b}), and G5 = ﬁbll denote the weak annihilation
and ¢ — uy contributions in the SU(3), IRA. The b;, b; are defined in Appendix E. The SU(3), and U-spin decompositions are
identical up to global signs for E{, = i\/_ E{ —2Fs and E, = 7§E’ .

Decay U spin SU(3)p SU(3)r IRA

i - Xty VesViaEs VesVials VesViuaG

50— Ay Vi ViaGE By + zf EY) — LV Vu(2F; - Fy) LV V(26 - G)

% -2y VesVia(z5 Ex — 3 EX) VesViuaF's VesVuadG

EP —» Bl VisVia 5 Es VisVuaFs VisViuaG'

> py —XEs + AE, + E; IFy + 5 AFy — F; G + %AEQ -G,

0 5 ny -XE; + AE\ + E, V2EF, — AFy — V2F; V2EG' - AB, —V2G,

Bt - Xty SEs + AE, + E; SFy — %AFA + F; G — %AEQ + G,

B0 Ay L3EL 4+ (AE, + EY) L (2Fy - Fy) — B AF, - \/§F7 — (G -G) +F Ak, + \/§G7
20 - 30y —\/%EE’>§+5(AE/A+E’7) #IZQFy = Fy) +3AFs + 5 Fy —%E(ZG—G/)—%AEQ—%Q
Q, — 8% SEL + AE\ + E, V2IFL + AF, + V2F, V2EG' + Aby +2G;

B - pr VeaVusEs —ViaVusFx VedVusG

EY - ny ViaVus 5 Ex Vi,V F% Vi ViusG

Q. - Ay ViV GE B - \/_E”) —\WViaVusFs + FY) ~WViV (G +G)

Q. — 20y V;dvm(MEg + 3 EX) =V, Vius(Fx — F%) -ViVus(G=G)
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AV (=

ANP(E0 ANP(Z0 - Ay)

ANP(A. = py)

' AM(A, = pr)|”
ANP(ED - Ay)
‘ AMED > A7)

AN(ZE — py)
ASM(ZE — py)

>

III. OBSERVABLES

Radiative decays of charm baryons offer interesting
observables besides their branching ratios, the photon
polarization, and CP asymmetry. In Sec. III A we discuss
the two-body decays B, — By and how to determine the
photon polarization from initially polarized charm baryons
[4]. In Sec. III B, we consider the decay chain B, - B(—
B'P)y with a pseudoscalar P and present an alternative
method for the experimental determination of the photon
polarization based on self-analyzing secondary decays.
Relations between branching ratios of decays within the
same multiplets are worked out in Sec. III C. In Sec. III D
we discuss the CP asymmetries in the decay rates of SCS
decays. Possible effects of new physics are estimated
in Sec. IV.

A. The two-body decay B, — By

The B.(P,sg, ) — B(q.s5)y(k,€") decay amplitude (6)
can be written in terms of helicity amplitudes

GFe
V2
where h, denotes the helicity of the photon. With the

explicit spinor representations from [28,29], the nonzero
helicity amplitudes are given by

A(B. = By) = 22 HY (ss,. 53), (18)

Hy'(+1/2,-1/2) = =V2F (m}_—m})sin (6,/2),

Hy'(=1/2,-1/2) = +V2F (m}_—m}) cos (6,/2),
H+1(+1/2 +1/2) = —l—\/EFR(m%‘_ — m3)cos (6,/2),
H{'(=1/2,41/2) = +V2F(m} —m3)sin (6,/2), (19)

where F; /r denote the contributions for left-/right-handed
photons (6). 6, is the angle between the photon momentum
and the quantization axis of the spin in the B, rest frame.
The decay probability is given by [30]

e
F
Z p‘B( ‘Bl

hy.sp..SB

(20

SB ,SB)

where the B, polarization is taken into account by the
polarization density matrix p. The diagonal elements of p
satisfy pyi/0 412 +pP-1/2-1)2 =1 and define the B,

Fo X)L
AM(EF - 57y) |~

~ remaining sextet decay modes.

SM =0 SM (=0
AME - 7)’ ‘«4 (B =

Ay)|

(17)

|
polarization Py = p_ /5 412
branching ratio is given by

— p-1/2-1/2- The differential

aB G%e
dcos(,) 647er B

x [L + Pg 4,cos(6,)],

2
1——) (FLP + [Fel?)
mB

c

(1)

where the photon polarization parameter is defined as

Fgl* = |F.? 1—r?
/f{}/:| R|2 | L|2:_ rz’ r = _R (22)
|Frl* + |FL| 1+r Fr
A, = —1 corresponds to purely left-handed photons.

Branching ratios are obtained as

B(B B o db d 0
(B, — }’)/_lm COS(y)

Gpe* < m%>3
= my (V=5 ) (IFLI> +[Fgl),
324l m> L k

c

(23)

and are not sensitive to the photon polarization parameter.
However, the angular dependence allows us to define a
forward-backward asymmetry, which only depends on the
B, polarization and 4,

1 ! dB 0 dB
Al —_— - - =
kB B(% dcos(ey)dcos(ey) /_ldcos(ey)dcos(97)>
_PBcly

: (24)

Above, mp_and I'p_denote the mass and total width of the
charm baryon, respectively, and myp is the mass of the
secondary baryon.

Al can be related to the average longitudinal momen-
tum (k| ) of the photon in the lab frame with respect to the
B, boost axis [31]

(kj)s = YE, (ﬂ + %Ai;s) , (25)

(m% —m3)/(2myp_) is the photon energy in

|P|/Eg.

where E, =

the B, rest frame and f= However, a

116001-6



RARE RADIATIVE DECAYS OF CHARM BARYONS

PHYS. REV. D 105, 116001 (2022)

determination of the photon polarization with two-body
decays is only possible if the charm baryons are polarized.

B. The decay chain B, - B(— B'P)y
The B(q,sz) = B'(q,sp)P(q;) decay amplitude is
given by [28]

A(B — B'P) = Nu(q.sp)(&ys +o)u(q,, sg)

:NHZ(SB9SB/)7 (26)
where P denotes a pseudoscalar meson such as a pion, and
N = %6
V2
couplings of opposite parity. The helicity amplitudes can be

written as [28]

V.V for weak hyperon decays. £ and w are

Hy(+1/2.+1/2) = (\/Fr — /7€) cos(0/2).
Hy(+1/2,-1/2) = (\/F + /7€) sin(05/2)es
H(=1/2.41/2) = (/P + ) sin(0p/2)e- 1
Hy(=1/2,-1/2) = (V750 + 7€) cos(05/2).  (27)

03 is the angle between the B flight direction and the B’
momentum in the B’P rest frame. The differential branch-
ing ratio can be written as

dB N>\ /7 ) 5
dcos(0g)  32amTy (rilof+ el

x (1 + Pgagcos(0z)), (28)

with the B polarization Py and the parity violating
parameter

L 2Re(0'g)
R+ ol

and ry = (mg &+ my)? — m%. For the double differential
branching ratio of the decay chain B. — B(— B'P)y, we
obtain

(29)

d’B
dcos(6,)d cos(0p)

« [1+Pp agcos(6,)cos(bg)

+apl,cos(0g) + Pg_A,cos(6,)]. (30)

By integrating over 8 we recover the angular dependence
as in (21). Thus, for polarized charm baryons one can
extract 4, via Al (24). By integrating over 60, we obtain the
angular dependence as in (28). However, the polarization of
the baryon B coincides with the photon polarization. Thus,
as Pp = 4,, the resulting angular distribution contains a
dependence on the polarization parameter, even for unpo-
larized B, baryons. 1, can be determined by the forward-
backward asymmetry in the angle 9,

1 1 dB 0 dB
B _ - =
A =5 </o dcos(QB)dCOS(QB) /_] dcos(eB)dcos(HB))
(XB/I},

Decay chains with higher resonances for the secondary
baryon B, such as A* — pK, discussed for instance in
b-baryon decays [30], can be used to study branching
ratios, Acp and ALy, but not for AZ; because they decay via
the strong interaction, and have ag = 0.

C. Relating branching fractions

Currently, there are no experimental data on the branch-
ing fractions (23) on any of the B, — By decays. Using
life times and phase space factors, with input compiled in
Appendix A, together with flavor symmetry one can,
however, relate branching ratios of decays within the same
multiplet, and identify possible hierarchies between them.
In the following we assume that branching ratios are
dominated by the SM contribution, corresponding to the
U-spin triplet operators (10).

Using Table II, the branching fractions of the SCS decays
of charmed antitriplet baryons can be written as

(mz _ 2)3
B(A: = pr) = 2* ( A m;) B(A, = X7) 20072 - B(A, = 7).
A, >+
Bt -z M e TS ) B(A, > =)
2 > Xy) A A, = Zty) x0.160 - B(A, = ZTy),
2+F—+ (m/2\ —m§+)3
_ 332 (m2y —m})?
B(:B—)Ay) - (m 3 ) B( —>_.y) 0.104 - B( 0}/),
0 '—0
— 22 (méq_mZO)B _ _ _ _
B(E0 - %) » 5 (mf m§ E (20 - E%) ~0.030 - B(E? — E%). (32)
2, — m2,
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In the SU(3) limit, the amplitudes of the CF decays differ
by the sign of the Wilson coefficient suppressed amplitude
Ajs. Assuming By &~ B§ and taking into account masses
and decay widths, we thus expect only small differences in
the branching ratios as

B(A. = XYy) m%?FEg (mf\c - m3.)?

B(E2 —» E%) - miCFAC (mén - mé0)3

~1.1.  (33)

Thus, the hierarchy of the SCS branching ratios can be
inferred from the prefactors in (32). The largest branching
ratios are expected for Ef — Xty decays, followed by
2% — Ay and then A, — py, all roughly about 1 order of
magnitude lower than the CF ones. The smallest branching
ratios are obtained for E0 — X decays.

Analogously, one obtains four simple relations for the
decays of charmed sextet baryons into octet baryons using

U-spin symmetry; see Table III,

2 2)\3

mg, = ms,)

i, —m P D = E)
Py ot

~0.070 - B(Z} - XTy),

B(Zﬁ - py) ~ A2

2)3

3 2
mg Iy <m5§,+ —mg,

B(EF - Zty)~ 22 B(Zf - Xty),

mg Tayp (mg, —m3.)°
mioCan (m3, —my)?

B(Z? — ny) ~ 222

m3

(34)

The decay widths of the E. are presently unknown.
However, the X, and E. decay strongly and electromag-
netically, respectively. Thus, their branching ratios for
B.s — Bgy are strongly suppressed due to significantly
larger total decay widths than the ones of the charm baryon
antitriplet. For example, . — XTy; there is a relative
suppression of T’y /T'y+ >7x 10719  compared to
A, — Zy. Among the sextet baryons, only the Q. decays
exclusively via the weak interaction and should therefore
have significantly larger branching ratios to Bgy.

Note, a recent analysis of charged current, semileptonic
charm baryon branching ratios suggests large breaking of
SU(3) using simple form factor models [32]. It would be
interesting to revisit this analysis once experimental infor-
mation has become more precise and information on the
dilepton spectrum has become available.

D. CP asymmetries
The CP asymmetry in the decay rate is defined as

_ AP -JAP

= ' 35
AP T 1AP (35)

CP

Here, A denotes the amplitude of the CP-conjugated decay.
In the SM, CP violation stems from the CKM matrix
elements, which, in |Ac| = |Au| =1 transitions, is sub-
jected to strong parametric suppression

—2A\, (A A
AN ~Tm (?> Im (A_i> ~—6x107* Im <A_z> . (36)

Using Tables II and III, we derive the following sum rules
for the antitriplet baryons:

Acp(Ae = py) +Acp(ES - ZTy) =0,
Acp(BY = Z%) + 3Acp(E) — Ay) =0, (37)

and the sextet baryons

Acp(ZF = py) +Acp(EF - X7y) =0,
Acp(Z2 = ny) + Acp(Q. » E%) =0,
Acp(BP = Ay) +3Acp(EP — %) =0, (38)

which are valid in both SU(2),, and SU(3). See also [33]
for a recent sum rule application to hadronic charm baryon
decays. We recall that in E0 — X% decays the NP sensi-
tivity is larger by a factor 3 than in 0 — Ay, while it is
the opposite hierarchy in Z° — (A, Z°)y decays. Beyond
the SM, the CP asymmetries obey the hierarchy of the
amplitudes (17). Furthermore, the BSM CP asymmetries
can become significantly larger. New physics in the
electromagnetic dipole operators can lead to significant
weak phases of [34]

Im(CY)| $2x 1073, (39)

which include the constraints from AAcp [35,36].
Neglecting the SM singlet contribution, the factor contain-
ing the weak phases becomes

()

-2

()
z

which corresponds to an enhancement of CP violation by a
factor of ~30 relative to the SM. Note, in BSM models

where Cgl) is significantly larger than the coefficients of the

~2x 1072, (40)

116001-8



RARE RADIATIVE DECAYS OF CHARM BARYONS

PHYS. REV. D 105, 116001 (2022)

chromomagnetic dipole operators, effects in ¢ — uy can
even be larger.

IV. ESTIMATES OF THE BSM REACH

In this section we work out the BSM reach in rare
radiative charm baryon B. — By modes. As currently none
of the branching ratios or polarization parameters of CF
decays are measured, we use the benchmarks BCF =5 x
10 and AS¥ = —0.5 as inputs to our analysis. Theory
predictions [7-9] for the branching ratios and polarizations
are summarized in Table 25 of [37]. The branching ratios of
the CF decays A, — Xty and E0 — E% vary between
0.3 x 107* and 3 x 10~ for the different models. Note that
some works did not take into account the Wilson coef-
ficients which enhance the amplitude by C_; see (4). The
results [7-9] for the photon polarization vary between 0.49
and —0.86. Because of these large differences, we choose to
base the benchmarks for the BSM range estimates on the
measured branching ratio B(D° — K*y) = (4.1 £0.7) x
10~* [5]. Note that the leading order weak annihilation
amplitude for B, — By is enhanced by C_/C compared to
D° — Vy due to the different color structure. However, the
hadronic matrix element may experience a suppression.

Once the branching ratio BF and photon polarization
lfF for the SM-like CF decays are given, the corresponding
left-handed and right-handed contributions to the decay
amplitude F¢¥ /g Can be determined by

CF| _
|F F| CCF CF
|FCF| — ,CF CF (41)
where the factor C°F is defined by
B = COF(FSTP + | FEFP) @)

and can be read off from (23). The ratio r°F is obtained

from the photon polarization (22)

1+ 5%
1 - 6F

r°F = (43)

Once |F¢ / Fe| are known, we can use the flavor symmetry
relations in Tables II and III to determine the weak
annihilation contributions for the SCS decay modes. For
example, to obtain the SCS £ — Ay WA amplitudes, one
has to divide the CF 2 — Zy amplitudes by V,V,, and

then multiply by —\/%2. The signs of the SM amplitudes

F; SC 1 R cannot be determined from the data. However, since

we vary the coefficients C§> from —0.3 to 0.3 to estimate

the BSM reach, see Eq. (5), this does not affect our results.
Alternatively, one could also use the DCS modes to extract
the weak annihilation amplitude in an analogous manner.

For the BSM sensitive SCS decay modes, the branching
ratio can be written as

BSCS

CSCS(|FSCS FTPlZ + |FISQCS + FRNP|2) (44)

The ratio of right- and left-handed amplitudes is obtained as

SCS
SCS _’FR +F%P, (45)

FECS + F?P

and gives the photon polarization (22) in the SCS modes

1 — (r565)2

25Cs — ‘
1+ (r°C5)2

(46)

The comparison of 5 to rF, or 455 to ASF, probes NP.

To begin, we first show in Fig. 2 the branching ratios of
the BSM sensitive decays (44) as a function of the
branching ratios of the CF decay modes for charmed
antitriplet baryons. The black dashed line denotes the
SM in the exact U-spin limit. The gray shaded area shows
+30% U-spin breaking on the amplitudes }73. In blue and
green, the BSM reach in C; (with C; = 0) and in C}, (with
C; = 0) is shown. The illustration of the BSM reach also
includes +30% U-spin breaking on the SM contributions
F}7%- The choice for the benchmark AT = —1/2 creates an

asymmetry between NP effects from C; and C;. As
expected, NP can visibly affect branching ratios of SCS
decays, however, a clear-cut separation from the SM is
challenging in view of hadronic uncertainties.

NP can be signaled in the polarization parameter; see
Fig. 3. Here, 25 is shown against ACT. The gray shaded
area shows :t20% U-spin breaking between the ratios r§k
and r3. On general grounds, cancellations of flavor
breakmg effects can be expected in ratios of amplitudes;
we therefore choose a somewhat smaller range of U-spin
breaking for the ratios than for the decay amplitudes. The
blue (green) region illustrates the BSM reach in C; (C%).
We set C;, =0 (C; = 0) and varied the other coefficient

within —0.3 < Cg') < 0.3. For the darker shaded area, we
varied the BSM coefficients, but used the exact U-spin limit
for the SM amplitudes. The lighter shaded areas addition-
ally take into account the U-spin breaking on the SM
amplitudes. As expected, the BSM reach is significantly
larger for the ratio-type observable 4, than for the branching
ratio. Even with the relative suppression by a factor of 3,
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FIG. 2. NP effects in the branching ratios of the BSM sensitive decay modes as a function of the branching ratios of the SM-like decay
modes, for AEF = —0.5. The black dashed line denotes the SM in the U-spin limit. The gray shaded area shows +=30% U-spin breaking in
.A?}’[R. The blue (green) region illustrates the BSM reach in C; (C%). We set C;, = 0 (C; = 0) and varied the other coefficient within

-03< Cg') < 0.3. The BSM regions also include the £30% U-spin breaking of the SM amplitudes.

=+ + =0
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FIG.3. BSM reach of 1, of the BSM sensitive decay modes ¢ — X"y (left plot) and 29 — Ay (right plot) as a function of the photon
polarization of the corresponding SM-like decay modes, A, — £y and 2 — =%, respectively, for B°F = 5 x 107*. The black dashed
line denotes the SM in the U-spin limit. The gray shaded area shows £20% U-spin breaking between r§f; and r$5>. The blue (green)
region illustrates the BSM reach in C; (C%). We set C;, = 0 (C; = 0) and varied the other coefficient within —0.3 < Cg') < 0.3. For the
darker shaded area we used the SM amplitudes in the exact U-spin limit. For the lighter shaded area we additionally considered +30%
U-spin breaking in F}Yy, while keeping the U-spin breaking of the ratio rgy; limited to +20%. The BSM reach of A, — py and

29 - 2% coincides with 2 — Zty, see (17), and is not shown.
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TABLE IV. Partner modes which enable tests of the SM by the
photon polarization using the decay chains B, — B(— B'P)y and
U-spin relations given in Tables II and III. All secondary baryons
(A, XF,2°) are self-analyzing; see Table 1.

BSM sensitive (SCS) decay CF decay
Ef > Xty A, -ty
Bl = Ay =20 — =20y
Q. — =% BV - B
B - Xty If - Xty
EY — Ay 20— Ay, B0 - 20

see (17), distinctive signals of new physics are possible
in 20 - Ay.

The sensitivity hierarchy (17) can be clearly recog-
nized in both observables, the branching ratio, and the
polarization parameter. Since not even the tensor form
factors for the decay modes of the charmed sextet
baryons are known, we do not estimate the BSM
sensitivity. Note, the hierarchy of BSM sensitivity is
given in (17).

Finally, in Table IV we provide a list of partner decays
of CF and SCS decays, which allow us to probe NP by
the photon polarization using the decay chains B, —
B(— B'P)y and the U-spin relations given in Tables II
and IIl. Two partner modes are required for the SCS
BN — Ay decay to determine the SM amplitude E%. Note
that the decays of X, and E. are probably unusable due
to their sizable decays widths, see Appendix A, and
corresponding suppression of the rare radiative decay
channels. Dropping the X, and = and considering only
the decays of the Q. from the sextet baryons, we need
both DCS decays Q. — Ay and Q. — X% to determine
the SM amplitude of the SCS decay mode Q. — E%.
However, as the X0 decays electromagnetically, it is not
possible to determine the polarization of the photon by
the decay chain B, - B(— B'P)y. Thus, we need polar-
ized Q. to extract the polarization of the photon. To
summarize, the decays of the charmed sextet baryons are
disadvantageous compared to the charmed antitriplet
baryons.

V. CONCLUSIONS

A key ingredient to BSM searches with radiative rare
charm decays are flavor symmetries, which allow us to
experimentally extract requisite SM amplitudes which are

otherwise not available with sufficient accuracy. While
the U-spin or SU(3), ansatz are subject to systematic
uncertainties up to order 30 percent, and no precision
tools, given the present situation with large room for NP
in radiative |Ac| = |Au| =1 transitions they suffice to
signal NP.

Here we propose to test the SM by measuring the
photon polarization in a CF and its SCS partner mode
using decay chains B. — B(— B'P)y with self-analyzing
decay of the secondary baryon. A comparison of the two
measurements provides a data-driven null test. In
Table IV we provide a list of partner decays of CF
and SCS decays.

Two suitable BSM sensitive modes can be identified
Ef - (- pa’)y and E? —» A(— pn7)y. An experi-
mental determination of polarization asymmetries in
corresponding CF decays Al — =t (— pz’)y and E0 —
E0(— Az’)y serves as an estimate of the ones in SCS
decays. The NP reach of these data-driven null tests is
illustrated in Fig. 3. NP can be signaled in sizable
deviation from the SM prediction.

The self-analyzing baryon decays offer yet another way
to probe the photon polarization in FCNC transitions of
charmed baryons in addition to the methods proposed in
[2—4]. Additional SCS modes can be used as NP probes if
the initial cham baryons are polarized, including A, — py
together with A, - =ty (CF) or Ef — py (DCS), and
Q. — E% (SCS) together with both DCS modes , — Ay
and Q, — X0.

We stress that none of the radiative charm baryon
modes have been observed yet, a point which we hope
triggers experimental interest. Corresponding branching
ratios of rare radiative D mesons are observed at the level
few x10~* (CF) and 107> (SCS) [5].
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APPENDIX A: PARAMETERS

Masses and mean life times are taken from the PDG [5]

my, = (2.28646 £+ 0.00014) GeV,

mz: = (24679410 500,) GeV,

7x, = (2024 £0.031) x 10713 5,
7z = (4.56 +0.05) x 107 s,

mzo = (2.4709010000%) GeV, 7z = (1.53 £0.06) x 107 s,

(
(
(
my-+ = (2.45397 £ 0.00014) GeV,
my: = (2.4529 £ 0.0004) GeV,
myo = (245375 £ 0.00014) GeV,
mz = (2.5782 % 0.0005) GeV,
mzo = (2.5787 £ 0.0005) GeV,
(
(
(
(

2.6952 +0.0017) GeV,
my = (1.115683 £ 0.000006) GeV,

me,

Myt 1.18937 £ 0.000007) GeV,

m, = (0.938272081 + 0.000000006) GeV,

The CKM matrix elements are taken from the UTfit
Collaboration [38]

VW =0.9743140.00012, V,, =0.2251440.00055,
V.u=(=0.22500+0.00054) exp [i(0.0351 +0.0010)°].

V. = (0.97344 +0.00012) exp [i(=0.001880 +0.000055)°].

The decay constants are given by [39]
fp = (0.233+0.004) GeV,

79 — (0.2013 £ 0.0008) GeV,

£ = (0.2097 £ 0.0003) GeV.

APPENDIX B: SU(2) DECOMPOSITION OF
DECAY AMPLITUDES

In this Appendix, we provide additional information on
the SU(2) decomposition of the antitriplet to octet and

Ty = (0.00185 £ 0.00014) GeV,
Ty < 0.0046 GeV,
Iy = (0.00179 £ 0.00015) GeV,

T = (2.68 £0.026) x 107" s,
75 = (2.632 £ 0.020) x 10719 s,
7y+ = (8.018 +0.026) x 107! s,

mso = (1.192642 + 0.000024) GeV.

|

sextet to octet decay amplitudes. Decompositions of
charm sextet to decuplet baryons are given in
Appendix D. In Table V we list the iso-, U- and V-
spin wave functions of quarks and baryons. In Tables VI
and VII, we show the U-spin decompositions of the
B, — Bgy and B, — Bgy amplitudes. For the descrip-
tion of the amplitudes of the U-spin triplet operators, we
need two amplitudes in the case of charmed antitriplet
baryons. For the charmed sextet baryons we need a third
amplitude. This is due to the fact that we have U-spin
triplets instead of U-spin singlets in the initial state. This
allows both the singlet and triplet components of the A
and X° to contribute.

In Tables VIII and IX, we show the iso- and U-spin
decomposition of the ¢ — uy contributions. Note that the
¢ — uy contributions have the same U-spin structure as the
SM singlet operator. On the one hand, we distinguish
between them as we study possible BSM effects in the
electromagnetic dipole operators. On the other hand,
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TABLE V. Isospin, U-spin, V-spin, and SU(3) wave functions of quarks, charmed antitriplet/sextet baryons, and
the light baryon octet and decuplet, analogously to [27]. The superscripts 1, 2 refer to different doublets within the
baryon octet.

Particle Quark content SU3)f Isospin U spin V spin
|u) u 13.5.3.3) 3301 10.0)y 33V
|d) d 13.5.3. -2 3. =21 73U 0.0}y
|s) 8 |3,—%,0,0> .0), %’_%>U %’_%>v
i i 311 _1 11 0.0 11
‘> u |’ 353 2> |2» 2>1 |’ >U ‘2’ 2>V
p p 3 111 —|1 1 1 _1
|d) d 3.-3.2.2) 32301 h-—3u 0.0}y
) s 3,,0,0) .0), -13.3u =133y
Ac) cud 3.5.0,0) 10.0); 33U 33V
E2) cds 13.-3.3.-3) |2, ol 0.0}y 3=y
= 3 11 1 1 _1
B cus 3.-3.3.+3 A =2 ,0)y
Q. css 6,—%.0,0 0.0 1,-1 1 -

3 I U v
EY) cds |6_%%_%> |%_%>1 I1.0)y , 2>V
Ec") cus 6.-3.5.3) 3301 5. —3v |1 >v
20 cdd 6,2.1,-1 1,-1 11

3 1 U Vv
1ZE) cud 6’%»17()) .0), %%)U % %)v
=) cuu 6.3.1,1) 11, 1), 10,0), L 1)y,
IA) uds 18,0,0,0) 0,0,  *2|1,0), —-10,0), 11,00y +110,0),
=) uds .0,1,0) 0), 10, +410.0), L0y +%10.0),
=) ds 8.0.1.-1)  |L-1), 5.5 1-bt
=) 801 (L1 i 143
=) B-1bd) L) T i)
E7) dss 8.~1.5.~3) 5. =21 3 =2 1. -1y
[n) udd 8.1.5.-%) 3. =37 I1.1)y 33V
P) uud 8.1.3.9) 321 3300 L 1)y
|A*+) uuu 10,1.3.3) 12.3), 10,0),, 3.3,
|AT) uud |10, 17272> ‘%91 |%%>U L1)y
|A%) udd 10, 1, 37_%> %»_%>1 1L 1)y %*%>V
A7) ddd 10.1.3.-3) 5= 53 0.0}y
| =) uus [10,0,1,1 [1,1), =Dy 2.0y
|Z0) uds [10,0,1,0) [1,0), [1,0), [1,0),
Z7) dds 10.0.1,-1) [1.—1), 53U 5. =3y
|E*) uss 10.~1.5.5) 331 L-1)y 5=
) dss 10,-1,3,-3) 3= 5. =3u IL.=1)y
Q) sss 10.-2.0.0) 10.0), 5 =3 5.3y
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TABLE VI

U-spin decomposition of the SM decay amplitudes for the charmed antitriplet baryons. In the matrix

element (U(f)|U(0)|U(i)), U(f), U(O) and U(i) denote the U-spin of the final state, the U-spin changing
operators and the initial state, respectively. The matrix elements are related to the amplitudes in Table II as follows:

Ay ~ 311D, Ay~ =(11100), Ag ~ V23104 and A ~ v2(00[0).

Decay <%|1‘%> (1]1]0) 6 0| %> (0[0]0)
A, = Xty ViV 0

=2 - =20 0 VsV

A. = py - %Z 0 V2A 0
Ef > Ity > 0 V2A 0
20— Ay 0 ) 0 - % A
20— ¥ 0 3= 0 BA
Bf = pr VieaVus 0

B¢ > ny 0 VeaVus

TABLE VII.  U-spin decomposition of the SM decay amplitudes for the charmed sextet baryons. In the matrix

element (U(f)|U(0)|U(i)),

U(f), U(O), and U(i) denote the U spin of the final state, the U-spin changing

operators and the initial state, respectively. The matrix elements are related to the amplitudes in Table III as follows:

Ex~ ﬂ(%lll%% Es ~ (1[1[1), E5 ~ (O[1[1), Ea

~V2([113) and B\ ~v2(010[0).

Decay G (1[1]1) (O[1]1) (z101%) (1]o[1)
St -ty ViV 0 0

0 V3 1
Zc b d A)/ 0 2\/—V Vud mv 1%
z(r) - 207 0 2\1/' V Vud _%V;S Vud
B0 - 20y le ViV 0
5 - py —\/%Z 0 0 V2A 0
>0 = ny 0 ) 0 0 V2A
T Sty \/gz 0 0 V2A 0
EO - Ay 0 0 ﬁz 0 A
=/0 0 _ L 1
20 - 30, 0 0 52 0 5 A
Q. - 2% = 0 V2A
B — pr \/ v dvus 0 0
B0 - ny %Vﬁde 0
Q. - Ay 0 LViVas — 5 AV
QC g 207 0 2\1/‘ V* Vus 3 Vzdvus
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TABLE VIII. Iso- and U-spin decomposition of the BSM
contribution for the charm antitriplet baryons. The matrix
elements are related to the amplitudes in Table II as follows:

A% ~ (3103 and 4 ~ (0[0]0),

Decay <1|%|%>1 <%|0|%>U (0[0]0)y
Ac = py 1 1 0
2 - Xty 0 1 0

20 > Ay 0 0 _%
B0 - 30y \/% 0 ‘?
TABLE IX. Iso- and U-spin decomposition of the BSM

contribution for the charm sextet baryons. The matrix elements
are related to the amplitudes in Table III as follows: E; ~

(310[3)y and E5 ~ (1]0[1)y.
Decay 1311, G101y (10]1)y
N

- pr \A 1 0
50 s ny \/% 0 1
=Y - Xty 0 1 0
20 > Ay 0 0 A
EP - Zoy 0 0 %
Q. — =20 0 0 1

TABLE X. SU(3) decomposition of the SM decay amplitudes
for the charmed antitriplet baryons.

Decay Aj Ag Ais
Ac - 2+7/ 3st Vud - \/% Vcs Vud
EO - E.O]/ %Vzv Vud \/% Vjsvud
Ae = py A = ~7sE s
o+ . vt _ /2 2y 1

- X A 022 \/EE \/EA
= 1 2 L
50— Ay 1A z VE+Ha
20, 30, 1A /= YRRV
Ej’ - pY U 2 *dvus \/ZI_V*qu\
20— ny %VCdV FViaVus

TABLE XI. SU(3), decomposition of the SM decay ampli-
tudes for the charmed sextet baryons.

Decay Al A% Als

If - Xty o ViV - #g VesVua
20— Ay ZViVia —ﬁvgvud
20— 30 e ViV 3\/‘ VesVua
EY - 8% ViV 7=V
> py —\/3A ) - # >+ %
0 5 ny —\/2A v 225 — LA
B - Xty A D) TRE \/_A
=0 Ay —/iA iy —[ s

=0 - X0 A Iy \/z+3r
Q. — =y -%A iE 3\/' 3\§'A
Bt = py \/ Ve Vs 3 f ViaVus
E/CO—”W \/>V 3\2/-V Vis
Q. — Ay \/—V;de 0

Q. — 3% - 0 %Vﬁdvm

differentiation enables us to use the additional simple
isospin relations between the amplitudes of the dipole
operators.

APPENDIX C: SU(3), DECOMPOSITION OF
DECAY AMPLITUDES

The SU(3), decomposition of the decay amplitudes for
B.; — Bgy and B4 — Bgy are shown in Tables X and XI,
respectively. SU(3) Clebsch-Gordan coefficients can be
determined using the isoscalar factors from [40].

APPENDIX D: FLAVOR RELATIONS
FOR B, 6 — B 107

We provide the flavor relations between the B.q — Bioy
decays in Table XII, as well as the U-spin and isospin
decompositions in Tables XIII and XIV, respectively.
Note that the antisextet operator does not contribute to
the B.s — B,oy amplitude, since the operator is symmetric
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TABLE XII.

baryons. Analogously to Table II, HQ, H

//l

A ogr _ 1y
contributions, respectively. Note that \/§H7 = ﬁH

= H; in the isospin limit. Furthermore, I =

Flavor symmetry relations of the decay amplitudes for the charmed sextet baryons into decuplet
and H ") denote the U-spin triplet, U-spin singlet, and the ¢ — uy

‘/_A”S and

I; = \/%(INP + AAY). T = \/gl;’{ and J; = \/Lgb’l’ denote the weak annihilation and ¢ — uy contributions in the

SU(3)r IRA.

Decay U Spin SU(3)r SU(3)r IRA

ZZL - E*+}/ Vchs VudHZ Vf,‘.S'VleI VZsVudJ

ZO 2*0 Vﬁs VudH,Z VjA VudI st Vud‘]

EQO - :*Oy st VudH,):, stvudl Vj'svud‘]

TH o ATty AHY, + HY AL+ 3l —\/§AJ V31,
TH o Aty —SHy + AH, + H; -2 + 21, 3] + V27,
30— A%y —V2ZH} + AH, + H} —V22I + % Al +J, —V23J + % AJ + 7,
Bl — ety YHy + AH, + H; I+ 21, ]+ V2,

B0 - 30y AH', + H}, % Al +1 L\/_AJ +J;

Q. — B V2EHY + AH), + H!, V2EI + AL+ Uy V2E] + AT + T
B - Aty ViViusHs ViV s =ViVisd

Q) - A% Vi VisHs ViVl =V Viusd

Q. — Ty Vi VHS ViVl ViV
TABLE XIII. U-spin decomposition of the SM decay amplitudes for the decays of charmed sextet baryons into

decuplet baryons. In the matrix element (U(f)|U(O)|U(i)),

U(f), U(O), and U(i) denote the U-spin of the final

state, the U-spin changing operators, and the initial state, respectively. The matrix elements are related to the

amplitudes in Table XII as follows: Hy ~ \/g<%\l|%>, HY,
11, ~v/2(0]0[0).

~ 5 (1), Hy ~V2(1013), H) ~V2(1|0]1) and

Decay G (1[1[1) (3101 3) (1]o[1) (0[0]0)
T4 Ty \/gvzsvud 0

20— 30y 0 ViV

EY - B 0 7 VesVia

T Atty 0 0 0 0 V2A
It = Aty —\/3= 0 V2A 0 0
30 5 AV 0 -3 0 V2A 0
R > 0 V2A 0 0
B0 - 340y 0 0 0 V2A 0
Q. — 50y T 0 V2A 0
=t > Aty \/%Vdem 0

20 — A% 0 73 VeaVus

Q, — Ty 0 lfv* Vs

116001-16



RARE RADIATIVE DECAYS OF CHARM BARYONS

PHYS. REV. D 105, 116001 (2022)

TABLE XIV. Iso- and U-spin decomposition of the BSM
contribution for decays of charm sextet baryons into decuplet
baryons. The matrix elements are related to the amplitudes in
Table XII as follows: H; ~ (5|0]3),, H%~(1]0[1),, and

TABLE XV. SU(3), decomposition of the SM decay ampli-
tudes for the decays of charmed sextet baryons into decuplet
baryons.

H/7/ ~ <0‘0|0>U Decay A/3/ Alé/ AII/S
0 = -2y 0 LViVia
Decay @I, (1143 0Dy (1ol OO0y 1y . Zvv
TH S ATy 0 0 0 1 7
E:/co - :*07 e 0 Tz Vz,r vud
T+ o Aty \/2 0 1 0 0
50, Ay \A 0 0 1 0 I o Aty A 0 —\@A
B Ty 0 1 1 0 0 5o Aty A 0 Ly
B0 - 30y 0 VA 0 1 0 0 Ay 1A 0 ~2x4+1A
Q. — =0y 0 0 0 1 0 B - Ty \/%A 0 ?2
- 20y 1A 0 1A
':*0 1 2 1
under permutation of u and ¢’, while the flavor wave Q=B A 0 3234
functions of the charmed sextet baryons and decuplet — o _ Aty 0 Ve y
baryons are symmetric under permutation of quark H,CO 0 % is wd
flavors. Accordingly, the decomposition in irreducible — =¢ ~ Ay 5 VeV
representations of 6 ® 6 =27 @ 8 @ 1 does not include Q. — =% \_/TEVZ‘-SVWJ
a decuplet; see Table XV.
|
APPENDIX E: SU(3); IRREDUCIBLE REPRESENTATION APPROACH AMPLITUDES
The SU(3) irreducible representation approach amplitudes are defined by [26]
A(B 3 — Bgy) = b, (Bc3)[ij]T/(3)k(BS>[ij]k + by (Be3) T (3)%(B 8) ik (byH(6) +byH(15)%)(B3)"] (Bs) kin
+ (byH(6)}f +bsH(15)1f)(Bes) W (By) 0y + (b3 H(6) f + beH(15)/) (B3 )V (B) 1. (E1)
A(Bes = Bgr) = b (Beg)'T'(3)"(By) g + (DY H(6)}f + DyH(15)F) (B.o) " (Bs)
+ (52H<6)§k + blSHUS)ﬁ'k)(BCG)ij(BS)l[ik] + (i’gH(é)jk + I;I6H(15)£'k)(Bc6)ij(BS)i[lk]7 (E2)
A(Bes = Bigr) = b{(B.s)"T'(3)"(B1o) i + BYH(15)1(Be6) " (Bio) (E3)

where 7"(3) = (1,0,0), (B4l =
light baryon octet Bg, and decuplet B, can be written as

T %zj
Bo=(EL-El.A).  Bg=|HE
1=+ 1 =0
\/EHL‘ \/5—‘0
\/§A++ At It At A0
1 + 0o 0
By = —3 A A ol A V3A-
*+ >0 =0 0 *—
2z 5 E v )y

€' (B.3);> and (Bg); ;) = €jxx(Bs). The charm baryon antitriplet B3, sextet B, the

ar AL
e /6 + Na ) p
=/0 - A _ 30
=c s Bg = h) % - 7§ n s
c =" (U —-LY
NG
>0 St >0 =0
V2 V2
*— =0 YF= o . E4
b B (E4)
= k0 mx— \/§Q_
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Because of the (anti)symmetry of (H (é)ﬁ-k) H (lS);" in [ and
k [41], the following relations hold:

B =50, B =50, B 0. (B5)

The elements of the tensors H(6) and H(15) are given in
[42]. For Cabibbo-favored ¢ — sud transitions the nonzero
elements are

H(6)}' =-H(®)P =1,  H(15)' = H(I5)P =1,

(E6)
with an overall factor of ViV, For doubly Cabibbo

suppressed ¢ — dus transitions the nonzero elements
are

CHER —H@®PZ =1, HOSE = HOSPE = -1,

(E7)

with an overall factor of V7 ,V, . For singly Cabibbo
suppressed ¢ — udd transitions

HER = -HEF = HEF = - = |

1 1 1
§H(15)§1 = §H(15)%2 = —EH(15)P = —H(15)y’

— _H(15)} = %, (ES)

with an overall factor of V7,V,,. For singly Cabibbo
suppressed ¢ — uss transitions

_ _ _ _ 1
—H(6)3' = H(6),* = —H(6);" = H(6)3' =5,
1 1
—H(15)' = —H(15);" = =5 H(15);! = 2 H(15);’
1 1
_ 31 _
=3H5) =7, (E9)

with an overall factor of Vi,V .

APPENDIX F: B, - B FORM FACTORS

The B, — B tensor form factors can be written as

<B(qv SB)lﬁio—”ykvcch(Pv SB()>
B.—B

2
= —ﬁ(q, SB) |:+S()kb(k11sll — sl/kﬂ) + hfj.—»B(kZ)
+

1
X (—io-’“’ku +—k, (s"kH — k”S”)>] u(P,sg,), (F1)
S+

(B(q. sp)|uic" k,ysc|B.(P,sp ))
~B{_>B(k2) ~B B
=—a<q,s3>y5[—+ (st — k) + B (1)
S

1
X <—i0””ky+—k,,(s”k” —k”s")>]u(P,SB,)v (F2)
5 c

with k =P —gq, s = P+q, and sy = (mp_+ mp)* — k.
The definition of the tensor form factors is identical to those
in [21]; however, above we rearranged the kinematic quan-
tities in a way which is more practical for radiative decays. To
the latter only /| and /2, contribute due to gauge invariance.
Moreover, h | (k> = 0) = h, (k* = 0) exactly [20]. To esti-
mate the NP reach we employ results from lattice QCD [21],
R}7P(0) = 0.511 + 0.027, and flavor symmetries (15).
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