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Abstract The excess in the measurement of the branching
fractions of B — D(D*)t v, and B, — J /¥t~ v, from
the standard model expectation hints the existence of new
physics beyond the standard model. Motivated by these indi-
cations, we study similar modes mediated by b — ctv; tran-
sitions, in particular, the semileptonic b-baryon decay modes
Ep —> E.t7vrand X — 25*) 77 v;. We consider a general
low energy effective Hamiltonian approach, which includes
both standard model and new physics contributions. Within
different new physics scenarios, we investigate the impact of
the new contributions on these modes and present predictions
for various semileptonic ¢>-spectra.

1 Introduction

The standard model (SM) of particle physics provides a uni-
fied framework of the fundamental particles and their inter-
actions. Although the SM has been successful in describ-
ing a wide range of experimental measurements, it is not
a complete theory. The limitations of the SM have led to
various new physics (NP) beyond the SM searches via both
direct and indirect means. NP has been hinted by precision
measurements such as that of the muon anomalous magnetic
moment (g — 2),,. Flavor anomalies observed in b-hadron
decays represent one of the indirect indications of NP beyond
the SM. A number of measurements of b-decay observables
have been found to disagree with SM predictions. These dis-
crepancies have been seen particularly in decays mediated
by b — s€t¢~ and b — ¢t~V transitions.

One of the key properties of the SM is lepton flavor uni-
versality (LFU) which states that the couplings of leptons to
gauge bosons are flavor independent. In the b sector, some
of the observables that have been found to violate LFU are
the ratio of branching fractions Rp and Rpw which are
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defined as, Ry = B(B — DWtv)/B(B — D™iv),
with £ = e or p. The world average values R},”'
0.339 +0.026 £ 0.014 and Rf)xft =0.295+0.010 £0.010
[1] exceed their SM predictions RIS)M = 0.299 + 0.003 and
Rf)ji” = 0.254 £ 0.005 [2-7] by 1.40 and 2.80, respec-
tively. The ratio of branching fractions Rj,y = B(B. —
J/Ytve)/B(Be — J/Yuv,) = 0.71 & 0.17 £ 0.18 as
measured by the LHCD collaboration [8] also deviates from
the SM prediction R})), = 0.289 % 0.01 [9] by about 20
These observations suggest the presence of NP beyond the
Standard Model (SM) and motivate the study of other decays
mediated by the same b — ¢t~ v; transitions. The t polar-
ization PP" = —0.38 £ 0.51 T3} [10,11] and the D*~
polarization Flf)* = 0.60 &= 0.08 & 0.04 [12] as measured
by the Belle collaboration also provide additional aspects to
analyse NP in these transitions.

To explain the anomalies in the B meson modes, var-
ious NP models have been proposed, some of which can
be found in [13-21]. In our work, we analyse the semilep-
tonic b — ¢t~ v, transitions involving heavy b-baryons,
B, — B.t v;, where B, = &, X and B, = =, Z‘é*),
in a model-independent approach. The semileptonic decays
of b-baryons have not been studied as extensively as the
b-meson ones though. Insights on weak interaction prop-
erties of the heavy baryons, the underlying dynamics and
sensitivity to NP can be obtained from such decays. The
semileptonic heavy b-baryon decays can also complement
the sensitivity search of NP to that of the meson modes. The
b-baryon decay modes which are of half-integer spin pro-
vide an auxiliary environment to test the observed anoma-
lies. In addition, the CKM matrix parameter V., can be
determined from the semileptonic decays of heavy baryons
mediated by b — ¢t~ V; transitions complimentary to heavy
meson semileptonic decays. Decays involving heavy baryons
are also good grounds for obtaining information on heavy
quark physics. There is also less contamination from non-
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perturbative QCD effects with regards to semileptonic decays
as leptons are involved. From the experimental side, exper-
iments such as the Tevatron and LHC have made signifi-
cant progress in the study of heavy baryons containing a
b quark with a considerable accumulation of data. For the
baryons of interest in this work, the E£ and E;E baryons
were first observed by CDF and DO [22,23]. LHCb [24-
32] and CDF [33] have also measured their masses, lifetimes
and branching ratios. Clear signals of four strongly-decaying
baryon states, E;r, Z‘ZJ“(uub), X", X, (ddb), have been
obtained by CDF [34,35] and LHCb [36]. Since the X}
baryon predominantly decays via the strong interaction, it
may be difficult to measure its weak branching fraction.
However, analysing the semileptonic decay modes may be
insightful as they can be more sensitive to new particles and
any deviation from the SM prediction will be a clear indica-
tion of NP [37].

The experimental progress in the study of heavy b-baryons
which contain a single heavy quark necessitates theoretical
progress. Important theoretical studies on b-baryons and their
decays have indeed been carried out [38—40]. The semilep-
tonic mode involving the spin-1/2 baryon A, has been con-
siderably studied. The form factors of A, — A, mode have
been computed using lattice QCD (LQCD) [41]. Exclusive
semileptonic decays of spin-1/2 baryons Ay, §2, Xp, &)
have been examined in the spectator quark model [42],
the relativistic three-quark model [39] and a non-relativistic
quark model [43]. The decay modes A, — A £ vy and
Ep — E.L vy were analysed in [44] within a light-front
constituent quark model and similarly in [45] within a com-
bined non-relativistic constituent quark model and heavy
quark effective theory study. The authors in [46] studied the
weak transition of X, — X, and £2, — £2. in the light-
front quark model considering the quark—diquark picture for
heavy baryons. Similarly, in [37], the authors studied the
Ap — A and X, — X, weak decays in the light-front
quark model by considering the two spectator light quarks as
individual ones rather than a diquark. In the work of [47], the
semileptonic decays of heavy baryons (Ap, Xy, §2p, Ep, El;)
with scalar and axial-vector diquarks in the relativistic quark
model framework were analysed. The semileptonic decays
Ep, — E7vp and B, — AL v, were analysed in the
framework of the relativistic quark—diquark model based on
the quasipotential approach in [48]. In these works, SM esti-
mates of decay rates, branching fractions, longitudinal and
transverse asymmetries, the longitudinal to transverse decay
ratio, the CKM parameter | V., | and various other asymmetry
parameters such as forward-backward asymmetry, convex-
ity parameter, polarizations of the daughter baryon and the
charged lepton, and ratio of branching fractions were deter-
mined.

There have also been some model-independent studies to
probe NP in the heavy baryon decays. The A, — A .tV
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mode has already been analysed with several NP signa-
tures such as those that can be found in [49-63]. In [64],
the mode &, — E.t” v, decay was analyzed in the SM
and in various NP scenarios with vector and scalar type
of interactions. The observables Rp and Rp+ were used
to constrain the NP parameter space. The decay modes
Xy — X A7vp and 2, — $2.£7 v, were analyzed sim-
ilarly in [65] within a model-independent effective field
theory formalism. Real vector and scalar NP couplings
were considered and the allowed NP parameter space was
obtained from the experimental values of the observables
Rpe . In [66], new physics was probed in the baryon decays
Ep — A(E:)t v;. The new couplings assumed to be
complex were constrained using the experimental measure-
ments of B(BF — t*v;), RL, Rps, Ry/y and FLD*. The
authors in [67] studied the decay modes X, — X ",
and 2, — $£2.£7 V¢ in a model-independent effective field
theory formalism. The NP couplings were assumed to be
complex and the allowed NP parameter space was con-
strained from the experimental values of the observables
B(B — D™¢—1), Rpe, Ryyy. In these analyses, predic-
tions for various g2-dependent observables such as differen-
tial decay rate, branching fraction, forward-backward asym-
metry of the charged lepton, convexity parameter, ratio of
branching fractions, polarizations of the daughter baryon and
the charged lepton were presented.

In our analysis of the heavy b-baryon semileptonic decay
modes B, — E.t v and X)) — Z‘C(*)t_f),, we consider
a model-independent effective field theory framework, with
a low energy effective Hamiltonian that includes both SM
and NP contributions. For the amplitudes of the semilep-
tonic decays of heavy b-hadrons, the hadronic matrix ele-
ments of weak currents are generally parametrized in terms
of form factors that embody nonperturbative QCD effects.
For b — c transitions, the heavy quark effective theory
(HQET) [68-75] which is based on the 1/m ¢y expansion
of the QCD Lagrangian and heavy quark symmetry, is the
right approach for hadrons containing a single heavy quark.
In HQET, the form factors can be simplified and described
by the universal Isgur—Wise functions in the heavy quark
expansion. Here, we analyze the decay modes without tak-
ing into account effects of radiative corrections to the HQET
form factors. In our work, we use these form factors which
have been obtained in the relativistic quark model (RQM)
framework of [47], with the quark—diquark picture where
a heavy baryon is seen as a bound state of a heavy quark
and a light diquark system. We also use helicity amplitude
formalism [76-78] to analyze the semileptonic transitions
Ep —> E.17v; and Xp — Z’L(.*)r_\'),. For the new cou-
plings, we obtain constraints using the experimental mea-
surements of Ry, Ry/y, F, LD *, PTD " and the upper bound
of B(B} — t7v;). We then investigate the impact of these
new contributions and present the predictions for various ¢>-
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dependent observables. It is to be noted that new physics
sensitivity of the X — Xt~ ; mode has not been inves-
tigated so far. The helicity amplitudes in the presence of NP
for this 1/27 — 3/27 transition has been worked out thor-
oughly and presented here.

The paper is organized as follows. In Sect.2, we briefly
discuss the theoretical framework used for the analysis,
including form factors and helicity amplitudes. We also
define various ¢2-dependent observables in this section. To
assess the validity of the RQM framework, we first compare
the theoretical predictions obtained using RQM with those
obtained using lattice QCD results in Sect.3. In Sect.4, we
present and discuss the NP sensitivity of the ¢2-dependent
observables for the =), — E.t v, and X} — Z‘L(.*)t_\_),
decay modes, considering one new coupling at a time and
also using the global fits of [54]. We summarize our findings
and conclude in Sect. 5.

2 Theoretical framework

We consider the most general low energy effective Hamilto-
nian relevant for b — ¢{~ v, transitions at the b-quark mass
scale, with only left-handed neutrinos, given by [54]

4G
Herp = T;Vcb[ (1 + CVL) Oy, + Cy; Oy, + Cs,Os,
+Cs, Os, + CTOTi| +h.c., (D

where G g is the Fermi constant and V., is the CKM matrix
element. The fermionic operators are given by

OVL.R = (EVMbL,R) (ELVMVZL)
OSL,R = (EbL,R) (ERVEL)
Or = (¢o™br) (Croyuvve,) 2)

and their corresponding Wilson coefficients denoted by
Cv, x> Cs, p» Cr are the vector, scalar and tensor type cou-
plings that encode the NP contributions. The new contribu-
tions are assumed to be present only in the £ = T mode as
indicated by the LFU ratios. In our analysis, we consider only
vector and scalar type of interactions and the NP couplings
are assumed to be real. It has been shown that within the
context of the SM effective field theory (SMEFT) [79-81],
the vector operator with a right-handed quark current does
not contribute to LFU violation [54,55,82-84]. Hence, we
do not include the effects of Cy, in our work.

2.1 Hadronic matrix elements and form factors

The hadronic matrix elements of the vector and axial vector
currents for the decays B, — BC(*)Z_ V¢ can be parametrized

in terms of various form factors expressed as functions of
velocities of baryons [47].
For 1/2 — 1/2 transition, the parametrization is given by

MYy = (B.(v', s")|cy"b|By(v, 5))
=up, (v, S/)I:Fl(w))’M + P (o))" + F3(w)v/“}

x up,(v,s),
no_ / IN|Fa, M
My = (B.(v', s)|cy"ysb| By (v, 5))

=g (V, S/)[Gl(w)y“ + Ga ()" + G3(w)v”‘]

X ysup, (v, s), (€)

where B represent the bottomed baryons &}, X, and B,
represent the charmed baryons =, EC(*), and up, and i p,
are the Dirac spinors of Bj and B, respectively. The form
factors F, F», F3, G1, G2, G3 are functions of the velocity
(m, +mYy —q°)
2mp 1B
are the four-velocities of the baryons B}, and B, respectively.
Using equations of motion, the hadronic matrix elements
of the scalar and pseudoscalar currents can be obtained from
those of the vector and axial vector currents and are given by

transfer variable w = v - v = , where v and v’

qu
mp — me
X(Bc(v', s")|ey"b|By(v, 5))
q

(mp —mc)

(Bc(v',5")[eb|Byp(v, ) =

=up,(V,s") |:Fl (w)
my —m} + qz)
2me (mb - mc)

2 2 2
my, —my —q

Bp B,
(T o)
2mp, (mp —m)
xup,(v,s),
qu

—(mp +m)
X (Be(v', s")|ey* ysb| By (v, 5))

q
(mb + m(?)

+F2(w)<

(B:(V', s")|cysb|By(v, 5))

= 123((1)', s") |:— Gi(w)

2 2
me —m

BT ‘12>
2me (mh + mc)
2 2 2
—G3(w) w
2mp, (mp +mc)

xysitp, (v, §), 4

—Gz(w)<

where m;, and m. denote the mass of » and ¢ quarks respec-
tively evaluated at the renormalization scale, u = my.
For 1/2 — 3/2 transition, the parametrization is given by

Ml = (BX(V', s")|cy"b|By(v, 5))

=gV, s [Nl (@)v*y* + Na(w)v*vH
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+N3(@)v o™ +N4(w)gA“]V5MB,,(v,S),
MY = (BX(V', s")|cy"ysb|By(v, s))

=ip: (', s") |:K1(a))v)‘y“ + Ko (w)v o
+K3 (o)t ™ + K4(w>g*“]u3b(v, 5), ®)

where wupy ; is the Rarita-Schwinger spinor for the B
baryon.

Again using equations of motion, the scalar and pseu-
doscalar matrix elements can be obtained as before and are
given by

(B (v, s")|cb|By(v, s)) = iips 1 (v, 5) [Nl (@)v*

X L + Ng(a))vA
(mp —m)

my, — m%: +q?
x ( 2mp, (mp — mc) )
+N3 ()0

szb — m%: — q2
) <2m3j(mb —me) )
+Ny(w)

q* }
(mp —me)

X ysup,(v,s),

(BZ (', s")|Cysb|By (v, 5)) = gy (V' S/)[ — Ki(w)v*

q _ »
"y +mo) Katw

m%b - m%,;ﬂ + q2
x ( 2mp, (mp + mc) )
—K3(w)v*

m%b - m%:f —q?
) <2mB;f (mp +me) )

q)»
—-K _—
4@ (mp + mc)]

xupg,(v,s). (6)

In the heavy quark limit, the form factors for the semilep-
tonic decay of &, — &, (scalar diquark picture) can be
expressed as

A A
Fi(w) = ;(w)+(% + 2_m.,~>[2X(w) + ¢ ()],

G1(@) = @)+ o + 2 [2 o] }
1(w) = () (% 2mc> X () a)_—l—lg(w)’
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Fy(@) = Ga(@) = ————>_t(w),
2me w + 1
F(@) = —G3(@) = -~ —%_t(w), ™
2mp w + 1

where the parameter A=(m B, — mp) and ¢ (w) is the lead-
ing order Isgur—-Wise (IW) function. The additional func-
tion x(w) arises from the 1/m; correction to the HQET
Lagrangian. Near the zero recoil point of the daughter baryon,
the functions ¢ (w) and x (@) can be approximated by

() =1-plw—D+c(w—1* 4,
X(@) = p2@— 1D +cylw—1)7+--, ®)

where p? gives the slope and ¢ gives the curvature of the IW
functions. The values of these parameters are A (GeV) =
0.970, pg =2.27,¢; =3.87, p; = 0.045 and ¢, = 0.036.

For the semileptonic decays of X} — Z‘C(*> (axial-vector
diquark picture), the form factors in the heavy quark limit
can be expressed in terms of the Isgur—Wise function ¢ (w)
as

1
Fi(w) = Gi(w) = —gél(w),

2 2
F(w) = F3(w) = ga)——f—l;] (w),

G2 (w) = G3(w) =0,

1 2
Ni(w) = —N3(0) = K3(w) = _ﬁa)——i—lgl(w)’
Ny(w) = —Ky(w) = —%51(0)),
Na(w) = K1 (w) = K2(w) = 0. 9

Again, near the zero recoil point of the daughter baryon, the
¢1(w) function can be approximated by

fi@) =1 (1) — pf, (@ — D+ e (@ — D>+ (10)

where 'O§21 gives the slope and c;, gives the curvature of the
IW functions. The values of these parameters are p?l =2.17
and c;; = 3.62. Further details of the Isgur—Wise functions
used in this work can be found in [47].

2.2 Helicity amplitudes

The helicity amplitudes are defined as [49,56,76,85,86]
HS = M)A 02)e™ (lw), (11)
where ), and Ay are the helicities of the daughter baryon and
the virtual vector boson, respectively; €*# is the polarization
vector of the virtual vector boson.

In the parent baryon (B}p) rest frame, the vector (V) and
axial vector (A) helicity amplitudes can be obtained in terms
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of form factors and NP couplings. The scalar (S) and pseu-
doscalar (P) helicity amplitudes corresponding to new scalar
and pseudoscalar interactions can be obtained using equa-
tions of motion.

For 1/2 — 1/2 transition, the helicity amplitudes are
given by

V2mp,mp (0 F 1)

H'M = (1+Cy, iCVR){ :

bo Ve
X|:(m3h +mp)F A (@) £ mp (0+ HF) (@)
+mp, (o + 1)F3V’A(w)] }

,/ZmemB (w=x1)

N

S

H'A =1 +Cy, £Cy ){ !
L R
vq
x [(mB,, Fmp)F (@) + (mp, — mp.w)F) ()

+(mp,w — mBL.>F3V’A<w>] }

HY’IA =(+Cy, + cm[ —2/mp,mp (@F I)F]V‘A(w):|,
1,

V2mp mp (w=£ 1
H;g:(CsL:tCsR){—Bb p(@* D)

mp F me

x[(mgb Fmp)F ()
2 2 2
—m} +
:I:(mgb mBL, q >F2V'A(a))
2mp,
2 _ .2 2
i(w)pgﬂ(w)]}. (12)
2mBL.

For 1/2 — 3/2 transition, the helicity amplitudes are
given by

1 2
V,A /
H%,O :(1+CVL iCVR){:F\/?ﬁ WIBme:f((U:Fl)

x[:p (mp, Fmp:)(@ = DN (@)
+ mps (@ — DNy (@) + mp, (@* — Ny (@)

+(mp,w — mB;)NX’A(w} }

HlV,tA :(1+CVL:i:CVR){2F mmaB;(a):tl)
7

L2
Vi? 3
x(wF 1)[ F (mp, £mp)N, " (o)
+(mp, —mp:@)Ny " (@)

+(mp,» —mp )Ny (@) + mB,,NX'A(w)] }

V.A 2
H''=(1+Cy, iCVR)\/; mp,mp: (@ F 1)
L

x [ — 2w+ DN () + N4V’A(w)],

H Y =(1+Cy, j:CvR)[$ [2m g, m g (o F 1)N4V*A(w)],
3

2. /2mpg mp«(w £ 1)
HSP — (Ccq. +C _\/ib—f
bo =G5 S"){ 3 (mpFmo)

2mp mp(w F 1 mp, £ mpx
L 2ms, 23(.( ¥ [:F ( By B; ) NV ()
mB;f

mp,

2 2
M, —Mpr —4 V.A V.A
+ <2m3b2m33 ) Ny “(w) + Ny (a))] } (13)

The remaining helicity amplitudes can be obtained using
parity relations

V,A

HYA L =EH (12T > 1727)
YA?—AW =% A‘; QW (1/27 - 3/2%)
HED e = EH5 0 (/27— 1/27)
HY! e = FHihe (1727 = 3/27). (14)

The total helicity amplitudes are given by

A
- le,)»w
HY . (15)

gV

Hyoow = Hy, 5y
SP __ S

H)Q,O - HAQ,O -

2.3 g*-dependent observables

The twofold angular distribution for the B, — BL(.*)E_E
decay including NP contributions can be written as [49]

2
d’r GHIVar*q? [P yeo o
dg?dcos6y g2

512n3m%1

[A LYY 4"”A] (16)
x| A1+ —5 A2 3+ ——=A4|,

q* Vg2
where 6, is the angle of the lepton with respect to the W
momentum in the rest frame of the W boson, |p | =

/Mmz m? g2
By B((.*) q°)

TmE, ,and

A1=2s1n2eg(Hfo+H2 +(1—c0s9€)2( 1
2 - bR

+H§1)+(1 + cos 6p) (H2 |+ H, 1),
2 2=
A2=200529/3<H12 + H?, )+sin 9@<H1 +H?,
3.0 7730 7 71
+vH? +H?, >+2(H12 v H?, )
7,1 —35,—1 3.t =5t
—4COS9@(H1 H1 O+ I’tH_%’()),

Aj

2 2
() + (7,
_ S SP
Agq = —cos Gg(H%’OH%’O + H_%’OH_%’())
23

SP SP
+<H%’,H%’0 +H tH_%,O). 17)
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Table 1 Form factors predictions for A, — A, at g> = 0 and ¢° = q,%,ax

f+(0) f( fo(0) 8+(0) §1(0) 80(0)
RQM [47] 0.796 1.013 0.796 0.796 0.783 0.796
LQCD [41] 0.418 0.558 0.416 0.377 0.375 0.378
FGax) f1nar) Fo@ ) 8+ (Gmar) 81 (Gar) 80 ax)
RQM [47] 1.088 1.392 0.999 0.999 0.999 1.088
LQCD [41] 1.126 1.491 0.986 0.903 0.903 1.030
The helicity amplitude squared terms <H 2 1) and Ratio of branching fractions
jv
ar () _—5
(HE _, | contribute only to the B, — B¢~ i case. R o(q?) = dq? (Bo =~ Bt vr) 22)
On integrating out cos 6y from Eq. (16), the differential Be ZTI;(B;; — BC(*) £7vp)
decay rate for the B, — Bé*)ﬁ’f)g decay including NP con-
tributions can be obtained as Forward-backward asymmetry of the charged lepton
2 2.2 2
dr  GelVerl"q"Ippe| m?2
o= o (125 ) By (9) dqzdcos(%gdcoseg
dq 19273my, q r’z(z) A;“B(‘Iz) = (23)
where <-/ / ) qud cos b dideoss; € Qe
Convexity parameter
_ (2 2 2 2
Hyy = (o) + (1240) + (1) + (#2,)
my 2 2 2 2 2 1 d a?
—<|(H H H H J =
+2 2 [( )+ (#20) + (#3,) = (12, Cr) =TT aq? dtcosdr)? (qud COSQ@) ’ @9
3 2 2
+3 (H i+ HE%,)] +t3 [ (H g(,; ) + <H520> ] Longitudinal polarization of the charged lepton
+3Li[H1 HSP +H Hs’jo} (19) dr=12  gra=-12
\/; 2 P‘L’( 2) _ dqz qu (25)
L9 ) = rnsin gre=—inc
and dq? dq?

where dI"'*=*1/2/dq? are helicity-dependent differential
decay rates.
3 Comparison of RQM and LQCD predictions

In this section, we first confront the theoretical predictions
obtained in the relativistic quark model framework [47] with

+% [HltHf(f +H 1,HS’,’0} (20)  those obtained using lattice QCD [41]. Since lattice results
q

The differential branching fraction is given by

dr
—> . 1)

DBR(q%) = 13 (
b dq2

Apart from these, other interesting ¢>-dependent observables
are defined, such as:

@ Springer

are available for the well-studied mode Ay, — A T vy, we
therefore present the comparison for form factors calculated
in RQM and in LQCD for the semileptonic A, to A, decay
at g> = 0 and ¢*> = Grmax 10 Table 1. Such a comparison
can help to comprehend the different approaches used in the
determination of form factors for baryons. From Table 1, it
can be seen that the RQM form factor predictions and those
from lattice results are in reasonable agreement at the zero

recoil point of the daughter baryon. This is observed in the
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Table 2 Theoretical predictions

for Ay —> A.T—D, RQM [47] ELA [50] LQCD [41]
T'/|Vep|? ps~! 9.9140.29 7.1540.15+£0.27
Br(%) 2.43 1.63
R, 0.25 0.3379 0.3328 4 0.0074 4 0.0070

c

case of b-meson decays [87] also. The relation between the
RQM form factors and those used in lattice calculations are
given in Appendix A.

In the RQM framework, the uncertainties coming from
the form factors were estimated to be not more than 5%
[48,88]. These uncertainties were shown to have their ori-
gin in the uncertainties of the baryon wave functions used
in the calculation of the form factors. Using RQM form
factors and considering a 5% uncertainty coming from the
form factor inputs, we find that the predicted total decay
rate divided by the square of the CKM matrix element is
I'(Ap = At 05)/|Vep|> = (991 £ 0.29) ps~! and the
relative error is 2.9%. With lattice form factors, the predic-
tionis I'(Ap — At )/|Vep|> = (7.15 £ 0.15 £ 0.27)
ps_l. Here, the relative error is about 2%. When the branch-
ing ratio is compared, we find that the prediction using lattice
form factors within an effective Lagrangian approach (ELA)
[50] is smaller compared to that obtained using RQM. Pre-
dictions for theratio Ry, = Br(Ap — At v7)/Br(Ap —
A7 vp) in RQM are somewhat smaller compared to lattice
predictions. However, it should be noted that the sensitiv-
ity of these ratios to form factor uncertainties is less as these
cancel out partially in these ratios. The predictions compared
here are presented in Table 2.

In Fig. 1, we also display the differential branching frac-
tion prediction for A, — At~ v, decay with RQM and
LQCD calculations within the SM. It can be observed that
there is a sizeable difference in the differential distribu-
tion and this may be attributed to the variation in the ¢>-
dependence of the form factors. However, close to the point
of zero recoil, the two predictions are in agreement with each
other.

4 New physics sensitivity

We now proceed to study the NP sensitivity of the vari-
ous ¢2-dependent observables defined in the earlier section
for the modes &, — Z.t7v; and X} — EC(*)r_Dt. The
input parameters used for our numerical analysis are listed
in Table 3.

For the SM calculation of decay amplitudes, the theoreti-
cal uncertainties that arise from the input parameters such as
the CKM matrix element V., and the form factors are taken
into consideration. We consider the V., uncertainty as given

0.005 T T T T

0.004

0.003

DBR(¢?)

0.002

0.001

0.000

4*(GeV?)

Fig. 1 Comparison of the differential branching fraction for A, —
A.T7 vy decay in the SM obtained using RQM framework (red) and
lattice calculations (green)

in Table 3 and a 5% uncertainty coming from the form factor
inputs as determined in [48,88]. We constrain the new cou-
plings Cy, , Cs, , Cs, using the experimental measurements
of Rpw, Ryy, FLD* and P,D*. A 30% constraint is also
imposed from the upper bound of B(B” — 7 v;) [90]. The
relevant relations pertaining to these observables are given
below.

The differential decay rate of B — Dt~ i, is given by
[19]

_ o 2 2 2\ 2
dI'(B — 2Dr o) GF|Vcb|2 I (a?) (1 - m—zf)
dq 19273my, q
{11+ Cy, +Cy | 1+ s
Vi Vr 2q2

3 m2
P 2
xHy o + Eq_erV,ti|

3
+51Cs, + Cs, |*H}

+3Re[(l +Cy, + CVR)(C;R

* My
+CSL)]—7HSHW}, 26)
q
where the hadronic helicity amplitudes Hy o, Hy ; and Hg
are expressed in terms of the Caprini et al. parametrized
HQET form factors [91]. These form factors are evaluated
using parameters obtained from lattice QCD calculations
[92].
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Table 3 Input parameters [89]

Gr=1.166378 x 1075 GeV 2
Vep = (41.0 £ 1.4) x 1073

my = 1.77686 GeV

m, = 0.105658 GeV

mp = 4.18 GeV

me =1.27 GeV

me = 0.00051099 GeV

mg,= 5.7970 GeV
mg, = 2.47090 GeV
my, = 5.81564 GeV
my, = 2.45375 GeV
m[;:j = 2.51848 GeV
15, = 1.572 ps

The differential decay rate of B — D*T 1, is given by
[19,93]

dI'(B — D*t7v;)  G%|Vyp|? m?
T = oy g V@) (1=
dq 1927 my q
2 2
><{(|1+CvL| + 1Cvi )
’"% 2 2
[ (14 55 oo 1
3 m?
2 T 772
+Hy )+ Eq_ZHV,ti|

—2Re[(1+Cy,) c;R]

m2 2
o (1+5) g

3 m? )
+2Hy +Hy ) + Eq_erV”iI

2

3
+51Cs, = Cs, | H3

+3R€[(1 +Cy, — Cv)(C5,

m
—C§L)]J—qL2HsHv,t},
where Hy o, Hy +, Hy; and Hg are the hadronic helicity
amplitudes. Here A ¢ (qz) =[(mp— mDm)2 — qz][(mB +
m[)(*))2 - 61_2]

We use B — D* HQET form factors parametrized by
Caprini et al. [91] where the fitted parameters are determined
by HFLAV [1]. The differential decay rate expression for
B. — J/¥t ¥y is similar to that of B — D*t ™, with
appropriate substitutions for masses and form factors. For
this mode, we use the form factors obtained in [93,94] by
employing perturbative QCD approach.

The longitudinal polarization of T (PID *) and of D*(F If’ *)
in B — D*t~ v, are respectively given by

27)

FOg=1/2)—TOg =-1/2)

PP = , (28)
TOg=1/2)+T0; =—1/2)
. I —o(B D*t v,
ppr = Do 082 DT ) 29)

(B — D*t 1y)

@ Springer

Table4 Experimental and theoretical values of Ry, Ryy, F t PP

Observable Experimental value SM value

Rp 0.339 £0.026 + 0.014 0.299 £ 0.003
Rp+ 0.295 £0.010 +0.010 0.254 £ 0.005
Ry/y 0.71+£0.17+0.18 0.289 £ 0.01
FLD* 0.60 £0.08 £ 0.04 0.457 +£0.010
12 ~0.38 £0.51102% —0.497 £0.013
Table 5 Best-fit values of the NP couplings

NP coupling Best-fit value lo range

Cy, 0.0750 [0.0567, 0.0929]
Cs, 0.1147 [0.0672,0.1591]
Csy 0.1323 [0.0906, 0.1719]

where A, and Ap+ denote the helicity of t and D*, respec-
tively.
The branching fraction of BY — tTv; is given by

2
GZ |Vh|2m2 m2
Fl¥c T 2
BB — tTv,) = 8—TchBchc - —
T mp
c
2
ch

X —_—
me(mp +me)

1+ Cy, = Cy) —

2

X(CSR - CSL) (30)

We use fp, = 489 =4 £ 3MeV from [95] and the values of
other constants are taken from [89].

In our work, we consider one new coupling at a time and
the best-fit values are obtained by performing a x? fitting.
The x?2 function is defined as

Nobs
X2(Co) = Y107 — 0" (CIc;; 105" — 01 (),
ij

3D

where O;*” are the experimental values of the observables,
Oi’h (Cy) are the theoretical predictions for the observables
with new couplings Cy, and C is the covariance matrix which
takes into account the correlation of Rp and Rp+. The X2
function is minimized to obtain the best-fit values for each
NP coupling. The NP effects are obtained by imposing a lo
constraint from the measured values of Ry, Ry/y, F LD :
and PP *. The experimental and SM theoretical values of the
observables used for obtaining the constraints are listed in
Table 4. The obtained best-fit values are listed in Table 5.
The g>-spectra of various observables for the 5, —
E.t7vr and X — EC(*) T~ v, decay modes in the SM
case and in the presence of the NP couplings Cy, , Cs, , Cs,
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Fig. 2 The qz—dependence of various observables for the 5, — Z.77 v, decay mode in the presence of vector (Cy, ) and scalar (Cs, , Cs,) NP

couplings

are presented in Figs.2, 3 and 4. The predictions are distin-
guished by blue (SM), orange (Cy, ), purple (Cs, ) and red
(Csy) colors, respectively. For the mode &), — &.t7 v,
the differential branching ratio D BR deviates more notice-
ably from the SM in the presence of the Cy, coupling
than in the case with the scalar couplings. The differential

decay rate dI"/dg? is enhanced over the whole ¢ region
in the presence of both the vector and scalar couplings for
X — Xt v; decays. For X, — X*t7v; decay mode,
dI'/dg? is enhanced with respect to the vector coupling but
is largely unaffected by the scalar couplings. In the case of

@ Springer
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Fig. 3 The qz—dependence of various observables for the X, — X .77, decay mode in the presence of vector (Cy, ) and scalar (Cs, , Cs,) NP

couplings

the Cy, coupling, the ratio R B and all the other observ-
ables behave SM-like for all three decay modes, as the NP-
dependent factor, (1 + Cy, )% cancels out in these quantities.
Rz, (5, displays a distinctive deviation from the SM pre-
diction in the higher ¢? region for Cs, and Cs, couplings.
Measuring Rz, (x,) in the higher g? region may thus further

@ Springer

substantiate the observed anomalies in b-decays. No sizable
deviation is observed for Rz in the presence of scalar cou-
plings. The forward-backward asymmetry A7, has a SM
Zero-crossing point atq2 ~ 8GeV2for &, — E,.1~ ;. This
shifts to a slightly higher ¢ value in the presence of scalar
couplings. For X, — X7~ v, A} reaches 0 atg’> ~ q2 ..
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Fig. 4 The qz-dependence of various observables for the X, — X7~ v, decay mode in the presence of vector (Cy, ) and scalar (Cs, , Cs;) NP

couplings

There is no significant deviation from the SM prediction in
the presence of scalar couplings. For the X, — X't~ v,
decay mode, A5 has a SM zero-crossing point at q>~ 6.6
GeV?. The zero-crossing shifts slightly to a lower ¢ value
with Cg, coupling and to a higher g value with Cs, cou-
pling. The convexity parameter CJ, displays a distinctive

deviation from the SM prediction in case of Cs, and Cg,
couplings for the decay modes considered, with a more pro-
nounced deviation in the case of the X}, — Y.t~ v; mode.
The measurement of this observable may further endorse
existence of NP beyond the SM. The longitudinal polariza-
tion P} (¢®) has a zero-crossing at g> ~ 4.6 GeV? in the SM
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Fig. 5 SM and NP predictions of various qz—dependent observables for the &, — Z.t7 v, (left panel), X, — X.t7v; (central panel) and
Xy — XYt~ (right panel) decay modes using Fits 1 and 2 of [54]

for 5, — .t v, decay. It shifts to a higher ¢2 value in P (¢%) may provide insight into the nature of NP and distin-
case of both the scalar couplings. The deviation from the SM  guish between the vector and scalar type contributions. For
prediction is more prominent at large ¢2. For £, — X7~ 7, X, — X}t v, a SM zero-crossing point is observed at
decay, P} (¢%) shows a distinct deviation from the SM pre- g2 ~ 3.5 GeV?2. This shifts slightly to a lower ¢ value for
diction in the case of the scalar couplings. Thus, measuring ~ Cg, coupling and to a higher g? value for C sz coupling.
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In addition to our results, we also present the NP predic-
tions obtained using the Wilson coefficients from the global
fits (Fits 1 and 2) of Murgui et al. [54] for all three decay
modes in Fig. 5. Performing a global x? fit to the data avail-
able in b — ¢t~ v, transitions, the authors of [54] obtained
three fits, Fit 1, 2 and 3, where the coefficient Cy, was
assumed to be lepton-flavour universal also. The experimen-
tal measurements of the ratios Rp, Rp+ and F If)*were used
to constrain the new couplings. An upper bound constraint
from B(B:r — tTv.) was also imposed. Here, we show the
results using the numerical values of Cy, , Cs, and Cg, from
Fits 1 and 2 tabulated in Table 3 of [54] (including F LD *) with
B(B — tTv;) < 30%. In this paper, we do not consider
Fit 3 as it is found to be already disregarded by the measured
differential distributions. For all the three decay modes, NP
scenarios using Fits 1 and 2 are clearly distinguishable. It is
observed that predictions with Fit 1 are much closer to the
SM than those with Fit 2, which is similar to the observations
of Murgui et al. for b-meson modes.

5 Summary and conclusion

We have analyzed the semileptonic b-baryon decays &) —
E.t7v; and X)) — EC(*)I’\"JI within a model-independent
effective theory framework, consisting of both SM and NP
contributions. The helicity amplitudes method was used to
describe the hadronic transitions. Form factors expressed
in terms of Isgur—Wise functions in the heavy quark limit
have been adopted to parametrize the decay amplitudes.
These form factors were obtained within the relativistic quark
model. The SM predictions in the relativistic quark model and
those obtained using lattice QCD results were first compared
for an assessment of the validity of the different approaches.
It was found that form factors calculated in RQM and on
the lattice are compatible at the zero recoil point of the final
baryon. The total decay rate, branching ratios and R 4, dif-
fered slightly in the two cases. On analyzing NP effects, we
considered one new coupling at a time and using a x2 fit-
ting, best-fit values of these couplings were obtained. Pre-
dictions for the ¢g2-dependence of various observables such
as the differential branching ratio, ratio of branching frac-
tions, forward-backward asymmetry of the charged lepton,
convexity parameter and lepton polarization have been pre-
sented in both the SM and NP scenarios. In order to deter-
mine the allowed NP parameter space, we imposed a lo
constraint from the experimental measurements of the LFU
ratios Rpe, Ry/y, the D*~ polarization FLD* and the t
polarization PP ". We observed NP sensitivity for most of
the observables of interest, with the deviations from the SM
prediction being more discernible in the scenario with new
scalar couplings than that with new vector couplings. In par-
ticular, observables such as the ratio of branching fractions,

convexity parameter and lepton polarization were found to
be more sensitive to the new contributions for some of the
decay modes considered. Using previously obtained signifi-
cant fits of the new couplings, predictions for the different ¢ 2-
dependent observables were also presented. It was observed
that NP with these fits mostly displayed distinct variations
from the SM. Hence, the study of semileptonic b — c£~ v
transitions of half-integer spin b-baryons such as those con-
sidered in this work can be invaluable in revealing the pres-
ence and ascertaining the exact nature of NP. Also, the study
of such baryon modes augments that of the b-meson modes
as they furnish a complementary environment in the search
for NP.
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A Form factors for the semileptonic A; — A, decay

The form factors used in Eq. (3) are related to those used in
[41] by the following relations.

fL@® = Fig®
(mp, + ch)z —q°

2y — Fi (g2 +[
f+(@") 1(q7) S

(mp, +mp,)?* — q*
[ . F3(q%)
2mp, (mp, +mp,)

}&m%

(m%b B szc) + q2

ﬁ@%=fﬂfﬂ{ }&@%
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