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ABSTRACT: Rare b — s/~ flavour-changing-neutral-current processes provide important
tests of the Standard Model of particle physics. Angular observables in exclusive b — s/~
processes can be particularly powerful as they allow hadronic uncertainties to be controlled.
Amongst the exclusive processes that have been studied by experiments, the decay A, —
A¢T ¢~ is unique in that the Ay baryon can be produced polarised. In this paper, we derive
an expression for the angular distribution of the Ay, — A¢T¢~ decay for the case where the
Ay baryon is produced polarised. This extends the number of angular observables in this
decay from 10 to 34. Standard Model expectations for the new observables are provided
and the sensitivity of the observables is explored under a variety of new physics models.
At low-hadronic recoil, four of the new observables have a new short distance dependence
that is absent in the unpolarised case. The remaining observables depend on the same
short distance contributions as the unpolarised observables, but with different dependence
on hadronic form-factors. These relations provide possibilities for novel tests of the SM
that could be carried out with the data that will become available at the LHC or a future
ete™ collider.

KEYWORDS: Beyond Standard Model, Heavy Quark Physics

ARX1v EPRINT: 1710.00746

OPEN AcCCESS, (© The Authors.

Article funded by SCOAP?. https://doi.org/10.1007/JHEP11(2017)138


mailto:thomas.blake@cern.ch
mailto:Michal.Kreps@warwick.ac.uk
https://arxiv.org/abs/1710.00746
https://doi.org/10.1007/JHEP11(2017)138

Contents

1 Introduction 1
2 Angular distribution 2

2.1 Lepton system amplitudes 3

2.2 Hadron system amplitudes 4

2.3 Helicity and transversity amplitudes )
3 Observables 6
4 Angular terms 6
5 Angular distribution of Ay — J/ip A 9
6 Weighting functions 10
7 Standard model predictions 11

7.1 Low-hadronic recoil 12

7.2 Photon-polarisation at large hadronic-recoil 13
8 Expected experimental precision 13
9 Conclusion 14
A Wigner D-functions 15
B Numerical results 15
C Variation of observables with NP contributions 15
D Short-distance dependence at low hadronic recoil 25

1 Introduction

Rare b — s¢™¢~ have been studied extensively by experiments at the B-factories as well as
experiments at the Tevatron and Large Hadron Collider (LHC). Amongst the b — sft¢~
processes that have been studied, the decay A, — Au™p~ is unique for two reasons: it is the
only baryonic decay that has been studied; and the A baryon decays weakly leading to new
hadron-side observables. The angular distribution of A, — Ap* ™ decays has been studied
in refs. [1, 2] for the case of unpolarised A, baryons. The resulting angular distribution is
described by 10 angular observables. The decay rate and lepton side angular distribution
has also been studied in the SM and in several extensions of the SM (NP models) in refs. [3—-
12]. If the Ay is produced polarised, a much larger number of observables are measurable.



These observables are explored in this paper. The exploitation of production polarisation
in radiative A, — A~ decays has previously been studied in refs. [13-16].

In eTe™ collisions, A, baryons can be produced with large longitudinal polarisations.
The longitudinal polarisation of A, baryons and b-quarks produced via ete™ — Z9(—
bb) decays has been studied by the LEP experiments in refs. [17-19]. The production
of Ap baryons with longitudinal polarisation is forbidden in strong interactions, due to
parity conservation. The A; can, however, be produced with transverse polarisation in pp
collisions. In this paper, we focus on the transverse polarisation of the A; baryon. The
transverse polarisation of Aj baryons produced in pp collisions at /s = 7 and 8 TeV has
been studied by the LHCb and CMS experiments in refs. [20] and [21], respectively. The
LHCb experiment measures Py, = 0.06 £0.07+0.02 at /s = 7TeV. The CMS experiment
measures Py, = 0.00 £ 0.06 £ 0.02 combining data from /s = 7 and 8 TeV. In both
cases, the production polarisation is determined from the observed angular distribution
of Ay — J/ip A decays. Whilst the measured transverse production polarisation is small,
polarisations of O(10%) cannot be excluded. Polarised Aj baryons can also be obtained
from decays of heavier b-baryons, for example in decays of the 21(7*) [22].

The only existing measurements of the angular distribution of the A, — A¢T¢~ decay
come from the LHCb experiment [23]. Due to the limited size of their dataset, LHCb
only studied a subset of the angular distribution that could be accessed from single angle
projections on the lepton- and hadron-side. With the much larger data sets that will be
available at the LHC experiments after run 2 of the LHC, the experiments will be able to
probe the full angular distribution. However, the sheer number of observables involved will
most likely require an analysis of the moments of the angular distribution (see for example
ref. [24]) rather than the conventional approach of fitting for the angular observables. This
approach is discussed in section 6, where we provide the weighting functions needed to
extract the observables.

2 Angular distribution

The angular distribution of the A, — A¢*¢~ decay has been previously studied in refs. [1, 2].
In this paper we extend those studies to include the case where the A baryon is produced
with a transverse polarisation. We start by expanding the differential decay rate for the
Ap— ALT¢~ decay in terms of generalised helicity amplitudes
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which depends on five angles, 0= (01, b1, 0p, 1, 0), and the dilepton invariant mass squared,
¢>. The angular basis is illustrated in figure 1. The helicity basis is defined starting from
the normal vector between the direction of the Ay baryon in the lab-frame and the beam-
axis of the experiment (72 = P, X Pheam). This is an appropriate choice when considering
transverse production polarisation of the Ay baryon.

Equation 2.1 involves three sets of helicity amplitudes: H ;’j\’iu (¢?) describing the decay
of the A, baryon into a A baryon with helicity Apx and a dilepton pair with helicity Ap;
h;ﬁ”‘iZ describing the decay of the dilepton system to leptons with helicities A1 and Ao; and
hﬁp,o describing the decay A — pm to a proton with helicity A,. The index J refers to
the spin of the dilepton system, which can either be zero or one. When J = 0, A\yy = 0,
and when J = 1, Ay can take the values —1,0,+1. The helicity labels A,, Ax, A1 and
Ao can take the values +1/2. Angular momentum conservation in the A, decay requires
IAr—Age| = 1/2. The factor (—1)7*7" originates from the structure of the Minkowski metric
tensor, see ref. [25] for details. The remaining index, m = V, A, denotes the decay of the
dilepton system by either a vector or an axial-vector current. The term py, 5, Ny =\, is
the polarisation density matrix for the transverse polarisation of the Ap. The matrlx is a
two-by-two matrix (with Tr(p) = 1) given by

1
Pi1/2,41/2(0) = 5(1 + Py,) cosb,

1 .
P1/2,—1/2(0) = §PAI, sinf,

1
5(1 — Py,)cos@,

(2.2)
,071/2,71/2(9) =

1 .
p,1/2,+1/2(0) = §PA6 sin@ .

Finally, the Din o (0,0, —¢) are Wigner-D functions. An explicit form of the Wigner-D

functions is given in appendix A.
2.1 Lepton system amplitudes

There are two sets of amplitudes for the dilepon system, with either a vector or an axial-
vector current,

ity = [ (M )es (A — o)
s, = L)V LA)es (A — Aa) |

where v# is a Dirac y-matrix and ¢, is a polarisation vector. These amplitudes evaluate
to [1]

(2.3)

hK?/Q +12=0, hﬁ’lo/2,+1/2 =2my = /¢*(1 - B),

My 1e =0 Weva1j2 =0, (2.4)
hif/z 412 = 2 = (1= 8), hill/Q 412 =0,

hLl/Q —1/2 = @’ hﬁ11/2 —1/2 = \/ﬁﬁl )
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Figure 1. The Ay — A¢T¢~ decay is described by five angles: the angle, 0, between the direction
of the A baryon and the normal vector n in the A, rest-frame; and two sets of helicity angles,
describing the decays of the A baryon (6, ¢s) and the dilepton system (6;,¢;). For transverse
production polarisation 7 is chosen to be pa, X Pheam. The helicity angles are then defined with
respect to this normal vector through the coordinate systems (Za,9a, 2a) and (Z,7, Uo7, 207). The
% axis points in the direction of the A/dilepton system in the A;, rest-frame. The angle between
the two decay planes in the A; rest frame is x = ¢; + ¢». The angles 6;, 0, and x are sufficient to
parameterise the angular distribution of the decay in the case of zero production polarisation

where m; is the lepton mass and §; is the lepton velocity in the dilepton rest frame

(It / Ev), ie.

Am?
6[ = 1- qzl . (25)

The amplitudes with J = 0 vanish in the case that the lepton mass is zero (when ; = 1).
Under the Parity transformation

h‘fJ B _ hV,J
A1,—A2 A1,A2 (2 6)
pAY _ A :
—A1,—A2 AL A2

2.2 Hadron system amplitudes

On the hadron side, the A decay amplitudes can be expressed in terms of the well known
A asymmetry parameter [26]
hb 2 hb
_ ‘ %70’ ‘ *%,0
hb 2 + hb 2
‘ %70’ ‘ _%,0‘

‘ 2

op = 0.642 £ 0.013. (2.7)



The hadron side amplitudes are normalised such that
\h ol InY 1 o= (2.8)

2.3 Helicity and transversity amplitudes

After replacing the lepton and hadron-side amplitudes with the expressions given
in sections 2.2 and 2.1, the angular distribution can be expanded in terms of 10
helicity amplitudes,

m,1 m,1 m,1 m,1 A0 A0
H+1/2,+1’ H—1/2,—1’ H+1/2,0’ H—1/2,0’ H+1/2,0 and H—1/2,0’

Py,, ap and a set of kinematic factors that come from the lepton-side amplitudes. For
the remainder of this paper it is convenient to absorb a common factor of y/¢2 from the
lepton-side amplitudes into these helicity amplitudes, i.e.

m,J m,J
Vq H/\A Ny = =H Mg - (2.9)

By absorbing this factor, the only kinematic dependence outside of H’ TAJA e(qz) comes
from factors of §;.

The helicity amplitudes can be replaced by a corresponding set of transversity ampli-
tudes for the decay that separate the vector and axial-vector contributions on the hadron-
Ii L and A||0

(i.e. on (A|sy*b|Ap)); and the amplitudes AE"IL and AT’OL depend only on the axial-vector

side: the amplitudes AR depend only on the vector contribution to H}

AsAee

contribution to Hj, , ~(i.e. on (A|5v*v%b|Ap)). To do this, we start by re-writing the
original helicity amplitudes as

JRLyg 1 V] VAL
H' 3\ G (H Mg TH ,\A,)\M> ) (2.10)

where the indices L and R refer to left- and right-handed chiralities of the dilepton system,
respectively. This is followed by the replacements

®Ly_ 1 {R,L},1 {R,L},1
AJ_l (H/+1/2 +1 H,—1/2 —1) >

g

Aﬁ?L} = 7 H' {1?/15}421 +H'§/I§}_11> ;

A = 5 52 - )
A5 = G i ). o
A= 7 (H,ﬁlo/zo H/i‘10/2 0) )

Aje = 7 (Hlﬁlo/m H/A10/2 0) :

Here, the subscript t refers to the time-like polarisation vector of the dilepton system.



3 Observables

Expanding out the sum in eq. (2.1), gives 34 different angular terms

6
d°r <Z Ki( )
dg2d@ 3277
r 3
dg2dQ 32

( (K1 sin? 6 + Ky cos? 0; + K3 cos 91)

Ky sin? 0 + K5 cos® 6, + K cos 01) cos 0,

K7 sin 6 cos 0 + Kgsin 6;) sin 0y, cos (¢ + &)

Kgsin ) cos 0; + K1 sin 0;) sin 6 sin (¢ + @)

Ky sin? 6, + K9 cos® 0, + K3 cos 01) cos 0

K4 sin? 0, + K5 cos? 0; + K¢ cos 01) cos 0 cos 8

K17sin 6 cos 0 + Kig sin 6;) sin 6y, cos (¢p + ¢;) cos 0
sin O sin (¢p + @) cos 6
sin ¢ sin 0+

+

+

+(

+

+

+( (3.1)
+ (K19 sin @ cos 0 + Ko sin 6,

+ (K21 cos 0 sin 0; + Koo sin 6,

+ (K23 cos 6 sin 0 + Koy sin 6;)) cos ¢y sin 0+
+(

+

+

+

+

+

Ko5 cos 0 sin 0; + Kog sin ;) sin ¢ cos 0 sin 0

~— — — ~—

Ko7 cos 6 sin 0 + Koag sin 6;) cos ¢; cos 0, sin 0
Kog cos? 0 + K3 sin? 01) sin 0y, sin ¢y sin 0
K3 cos? 0, + K39 sin? 91) sin 0, cos ¢p sin 0
K3 sin® 91) sin 0, cos (2¢; + ¢p) sin 0

K34 sin? 01) sin 6y sin (2¢; + ¢5) sin 0> )

Integrating this expression over Q yields the differential decay rate as a function of ¢?,

dr

This can be used to define a set of normalised angular observables

K;
2K, + Ky (3.3)

4 Angular terms
The first ten angular terms are
K= (rA.uP 1AL P+ AT P+ 4T P)
£ 30048 (1AL P + 14T + 1A% P + 4% P)

+

N | = | =

(1= B)Re (A Aj} + AT AT + AR Axl + AR A7)



1 2 2 2
+ 51— 80 (142 +14.2) .

1
Kz = 71+ 87) (JAR 2 + A% P + | AR 2 + 1A%, )

#3082 (JATS + 14T P o+ ATl + 14T )
+ %( — B?)Re <AH1A”1 + AR AT+ AR AT AEOAjLO)
1(1 - B7) (’A|\t|2 + ’AJ_tP) ;
Ky = —BlRe (A AHl AL A”1> (4.1)

1
+ aa(l+ 5)Re (AROAHO + AL0A|IO>

1 *

+ap(l - ﬁlz)Re (AJ_t Wt) )

1
K5 = 5oéA(l + B)Re <AR1AH1 + AL1A||1>

1 *

1 .
+ 50l = B))Re (AR, A7t + AR AT + AR AT + AR AT

- om(l — BR)Re (AL47,) |

Ko= = Sanf (IR + AL P — |A] P - 14T, P) |

K; = \}ia/\ﬁl Re (A A||0 A||1A + AL, ||0 ||1 )
Ks = \}iaAﬁlRe <A51A* — AL AR — A Alfy ||0)
Ky = \}ﬁa/\ﬁflm (AﬁAio AH1A||0 + A% ||1 HO)

Ko = \}OZABlIm (AMAHO AL AT — AL Ajg + A\|1A1Lo> :
These terms are accessible even if the Ay baryon is unpolarised and have been previously
studied in refs. [2, 27]. There is a straightforward relationship between our observables and
those of ref. [2], with Klss = Kl, chc = KQ, ch = K3, KQSS = K4, KQCC = K5, KQC = K6,
Kyse = K7, Kys = Ky, K35c = K9 and K35 = K.

The remaining 24 terms are only non-vanishing if Py, is non-zero. Terms Ki; through
K6 have a similar dependence to K; through Kg. These are

1 *L
K11 = — 2PAbRe (A”lA + A||1AL1>

1 x



1 *
— 5P — Bf)Re (A||1A + AT AT — A AT, - A oAH0>

+ Py, (1= B7)Re <AH,: j.t) :
Kip= — %PAb(l + B)Re (AnlA + AHlA’iLl)
+ %PA,,( — B7)Re (A”oA + AHoAiLo)
— 3P0~ GP)Re (AT ATy + AT A7 — AR ATy — ATATE)

+ Pa (1= BP)Re (A1) |

K3 = ;PAbﬁl (|A||1|2 +]AT P - |AH1|2 AL )

Kuu= = JoaPy, (AR + AT, 2 + A5 P + 4%, ) (42)
+an Py (L4 6) (AR + [ AR + AT + 4% ?)
+sanPa (1= 57) (1432 + 14L,P°)
- %OCAPA;,( — B7)Re (A||1A||1 + AT AT A||0A||0 AEOA*LLO> ;

Kis = — zanPa, (14 87) (IR + 1AL + |4l + 4L, )
+ qanPa, (1 - 57) (AT + AT + ATl + |4 )
- %OZAPAb( Bl )Re <A||1A||1 + AE1A* A||0A||0 AEOA*L%)
+ganPay (1= 87) (142 + 14L2)

Klﬁ = O[APAbBlR,e (A Alll A AH1> .

The observables K13 and Kjg are trivially related to K¢ and K3 through K13 = —FPy, K¢
and K16 = —Py, K3 and can therefore be used as an experimental consistency check or to
determine Py,. The observables K11, K12, K14 and Ki5 have a similar structure to Ki,
K5, K4 and K5 but, unlike in those observables, the amplitudes with A\yy = 0 enter with a
different relative sign to those with Ay = +£1.

The observables K17 through K34 also involve new combinations of amplitudes that

are not accessible if the Ay baryon is unpolarised. They are

1
Ki7 = ﬁaAPAbIBl Re (A\llA”O Al IA + AHl ||0 )
1
Kis = ﬁaAPAbﬁlRe <AH1 — A% lAIIO AHl ||0)
1 *L
Ko = = J5eaPa,ftm (AR A5 — AT AR+ 4} 4 AHO) ’
1 * *
Koo = = Zpanly,Ailm (AfiAfl - AT AT — f 7+ At 4T



1 *
K21 = 7PAb,8l2:[m( ”1AHO + A 1A + AHIAHO + AlilALIf)> ’

\[
B = fPAzﬂlIm (AR AT + AR AT — Al ATk — AT, A7)
Kos = \fPAbﬁl Re (AR AT + AT, Aif + Al AT + AT, A7) (4.3)
K24 \/».PAb,BlR,e (AHIAHO + AIEIA* AHIAHO AE1A1%> 9
1 *
K25 faAPAbﬁl Im (A”lA + ARlA”O + AHIA + ALlA”O) y
1 " *
K26 = \/ﬁaAPAbIBlIm (A”lAHO + AEIA A”lAHO AEJ_IAJ_IE)> ’
1 R L *L
Kor = \/50‘“3%51 Re (Af Afff + A% AT + AR Aff + A%, AT |
1 +L
Kog = EQAPAbBlRe ("4“1‘4 + ARlAHO A”lA ALlAHO) ’
1 *
Ko = §OCAPAb( — Af)Im (AROAHO + ALOAHO + AROAIIO AHOAL%)

+ apPa, (1 — B?)Im <AJ_t ﬁt) )
1
Kz = gaaPy,(1+ 7)Im <A A||0 + A Ano)
1 *

+ an Py, (1 - Bf)lm <AJ_t ﬁt) )

1
Kt = joaPa, (1= 57) (4% — |4 + 4L — 1A )
1 .
+ 50nP, (1= B)Re (AEOA AHOAHO)
1
+ iaAPAb(l —67) (’AMQ - \A||t’2) ;
1
K = gonPa, (14 87) (140" + AL ~ [Afol” — |4, P)

1 *

+ 501 Py, (1 B7)Re <AE0A AHOAHO)
1

+gonPa, (1= 37 (|4~ 14,°) .

1

K33 = ZOéAPAbBZQ (\A}jﬂQ ‘A||1‘2+ ‘A111|2 |AII1| ) ’
1

K34 = ial\PAbﬁlQIm (A 1A||1 +A IAH1> .

The angular terms K99 and K3; are zero in the massless lepton limit.

5 Angular distribution of A, — J/p A

The angular distribution of the A, — J/i) A decay is a limiting case of eq. (2.1), with a pure
vector current in the dilepton system. In this limit, the expression collapses to the one



given in refs. [28, 29] with §; ~ 1. The amplitudes a+ and by in refs. [28, 29] are related
to the ones in this paper by

_ 1 V1 _ 1 V1
a_ =H _1/270 , A4 =H +1/2707 (5 1)
b _ H/ V,l b _ H/ V,l !
- +1/241° °t — -1/2,—-1 °

6 Weighting functions

The values of the normalised angular observables can be determined experimentally from
an analysis of the moments of the angular distribution,

34
M= / S M 5() | gi(h)a (6.1)
=0

if the weighting functions gz(ﬁ) are chosen such that they satisfy

[ 5@icasi - <32§2) by (6.2)

In this case, the moments can be extracted from data using Monte Carlo integration. The

statistical uncertainty and correlation between the moments can be determined from the
single sample covariance or by bootstrapping the measurement (see for example ref. [30]).
The weighting functions for M;—Miy are

gl(ﬁ) :i(?) —5cos?6;), gG(ﬁ) = 3cos B cos by, (6.3)
g2(€) :%(5 cos® 6, — 1), gr(Q) = ? cos 0; sin 0; sin Oy, cos(p; + ¢p) ,
g3(€}) = cos gs(§) = g sin 0 sin 6}, cos(¢y + o),

94(9) :Z(S — 5cos? ;) cos Oy, 9(9) = ? cos 0 sin 0; sin Oy, sin(¢p; + ¢p) ,

g5(9) 23(5 cos® 0 — 1) cos Oy, g10(Q) = ; sin 0; sin 6 sin(¢; + ¢p) -

These weighting functions have been previously derived in ref. [24]. The weighting functions
for the polarisation-dependent terms can be derived in a similar manner, they are

g1 (Q) = %(3 — 5cos?6;) cos b, 916(2) = 9 cos 0 cos B cos By ,

glg(ﬁ) = %(5 cos?f; — 1) cos @, 917((2) = 435 cos 0 sin 6; sin 6y, cos 6 cos(d;+ dp) |
g13 (Q) = 3cosfcosb, glg(ﬁ) = g sin 0; sin 0y, cos 0 cos(¢p;+op)

g14 (ﬁ) = %(3 — 5cos? 6;) cos by cos b, glg(ﬁ) = 4?5 cos 0; sin 0; sin 0y, cos 0 sin(¢; + ¢p) ,
915(6) = %(5 cos? 0; — 1) cos Oy cos b, ggg(ﬁ) = g sin ) sin 6y, cos O sin(¢p;+ ) ,

~10 -



L1 .

921(Q) = ?5 cos 0 sin 0; sin 6 sin ¢y , g28(92) = g sin 0 sin 0; cos 0y, cos ¢; ,

g2 (ﬁ) = g sin 6 sin 9[ sin ¢l s ggg(ﬁ) = 2(5 COS2 9[ - 1) sin 9(, sin A sin (;51, s
L1 .

923(2) = ; cos 6 sin 0; sin 0 cos ¢ , g30(Q) = %(3— 5 cos? 6;) sin 6 sin 0 sin ¢y, ,

924((3) = % sin 6 sin 0; cos ¢y , g31 (Q) = 2(5 cos® 0, — 1) sin 0y sin 6 cos ¢y ,
- 45 - 9

925(Q) = 5 cos 0;sin 6, cos Oy sinfsingy;,  g32(Q) = 3 (3—5cos? 6;) sin 6, sin 0 cos ¢y, ,
- 9 - 9

926(2) = 3 sin 6 sin 0; cos 6, sin ¢ , g33(Q) = 1 sin 6, sin 0 cos(2¢; + ¢y),
L4 .

g27(2) = ?5 cos B sin 0y cos O sinf cos ¢y,  g34(§2) = % sin Oy sin 0 sin(2¢; + @) - (6.4)

The weighting functions are not unique and a more compact set can be formed by exploiting
the fact that the integral of sin 6}, over dcos 6y, is 7/2 e.g. the weighting functions for Mss
and Ms34 can be written in a shorter form as

g33(63) = O sinbcos (¢, + 201) |
” (6.5)

= 6 .
934(Q2) = - sin @ sin (¢p + 2¢;) .

More compact expressions can also be found for many of the other observables. Note, the
different sets of weighting functions can lead to different experimental precision on the
normalised moments. In general, the longer form of the weighting functions provides the
best precision.

7 Standard model predictions

In order to describe the SM contribution to the decay amplitudes, an effective field theory
approach is used. The Hamiltonian for the decay is factorised into local four-fermion op-
erators and Wilson coefficients (see for example ref. [31]). The Wilson coefficients describe
the short-distance contributions from the heavy SM particles.

Numerical values for the SM predictions, in the case that P,, = 1, are provided in
appendix B in two ¢? ranges: at large hadronic recoil, in the range 1 < ¢? < 6 GeV?/c*, and
at low hadronic recoil, in the range 15 < ¢? < 20 GeV?2/c*. To evaluate SM predictions for
the different angular observables we use the EOS flavour tool [32]. At low hadronic recoil,
the SM calculations employ an operator product expansion of the four-quark contributions
to the matrix element in powers of Aqep/+/¢2 [33]. At large recoil, EOS uses some of the
known «g corrections to charm loop processes. However, potentially large contributions
from hard spectator scattering [34] and soft gluon emission [35] are neglected. The form-
factors for the A, — A transition are taken from a recent Lattice QCD calculation in
ref. [27]. These form-factors enable the observables to be computed with high-precision.
The form-factors at large hadronic recoil have also been calculated in the framework of
light-cone-sum-rules, see for example Refs. [37] and [38]. The SM Wilson coefficients are

- 11 -



computed in EOS to NNLO in QCD. The Ay lifetime and CKM matrix elements are taken
from the latest experimental values [26]. The quark masses are taken in the MS scheme.

Tables 2 and 3 in appendix B also provide 68% confidence level intervals for the SM
predictions. To evaluate these intervals: the form-factors from ref. [27] have been varied
within their full covariance matrix; the Ay lifetime, the A asymmetry parameter and CKM
matrix elements are varied within their experimental precision [26, 36]; the scale dependence
of Wilson coefficients C;(u) is explored by varying the scale, p, in the range my/2 < p <
2my; and in keeping with ref. [39] a 3% correction to the amplitudes from hadronic matrix
elements is considered (see also ref. [40]).

7.1 Low-hadronic recoil

At low hadronic recoil the observables are precisely predicted in the SM. The uncertainties
on the predictions are worse at large recoil, where a large extrapolation in ¢ of the form-
factors is needed. Figures 2-9 in appendix C demonstrate how the observables depend on
NP contributions to the Wilson coefficients. In the large-recoil region there is sensitivity
to CJ'F from both the polarised and unpolarised observables. Interestingly, the observables
Moss and May; can also distinguish between two of the possibilities that are favoured by
global fits to b — s¢*¢~ processes: where C)F ~ —1 with C}F = 0 and where CJF =
—CNF ~ —1 [41-43]. In the low-recoil range the sensitivity to Co% is reduced.

In ref. [2], the authors point out that the observables at low hadronic recoil place
constraints on six combinations of Wilson coefficients

pi = |Ov £ CY* +[Cro + Ciol?

p2 = Re (CyCiy — CChs) — ilm (CyCY + CroCl)

py = 2Re ((Cv + C{)(Cro £ C1p)*)

pa = |Cv|* = |CY[* + [Crol? = |Clo* — ilm (Cv Ty — CCTp)

(7.1)

where Cy contains contributions from C7 and Cy. The primed coeflicients correspond
to right-handed currents whose contribution is vanishingly small in the SM. The short-
distance dependence of K1—K34 on pic, pg—L, p2 and p4 is provided for completeness in
appendix D.

If the Ay is unpolarised, the decay rate is insensitive to the short-distance contribution
Im(p2) but provides sensitivity to pi, Re(p2), pi, Re(ps) and Im(ps). The polarised
observables also depend on these short-distance contributions but have different form-
factor dependencies. This permits a new set of checks of the OPE and the form-factors.
The short-distance combination Im(pz) can also be determined from Mg, M5, M3y and
Ms34. Furthermore, in K1—K1g the short-distance contributions pf and p] always appear
together as a sum. Using the polarised observables |, pf and p; can be separated, e.g.
by using

2
Ky + iz K3y = 16s_|f\ |*pf
A e (7.2)

Ky — Kss = 1654 |f1 o1,

N
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where f! and f{* are helicity form-factors (see for example ref. [44]). A similar trick can be
used to separate p}f and p; using Koy and Kg. It is also possible to form new short-distance
relationships, in which the form-factors cancel by taking ratios of the Kj,

Kig Re(pa) Kz  Im(pa)  Kzz  Re(ps)
=2 , = — , = — PAb . (73)
Kz Im(pe) Kz Im(psg) * Kio Im(p4)

The short-distance combinations py and p4 can then be determined up-to their overall nor-

malisation, independent of the hadronic form-factors, using eq. (7.3) and the relationship

K3 1 Re(p)
K ap Re(pg)

(7.4)

from ref. [2]. Similarly, one can form short-distance relationships that depend only on pf
+
and pg
Py Kg+oanKay  pg Py, K —anKoy  py

= , = — . 7.5
Ko7 — K7 Py Ko7 + K7 ot (7.5)

Alternatively, it is possible to form ratios that depend only on the form-factors and not on
the short-distance physics. For example,

K7 1 ((mAb +ma) fo' (ma, —mA)fcf‘)

K; 2

e o itV it
Koy _ L ((ma, £ma) fo | (ma, —ma) '\
NN

allow the ratios fY / fl/ and f64 / f‘f to be determined independent of the p;.

K 2

7.2 Photon-polarisation at large hadronic-recoil

At very large hadronic recoil (¢*> < 1GeéV?/c?), the angular distribution of the A, —
ApTp~ decay is sensitive primarily to the Wilson coefficients C7 and C} due to a pole-like
enhancement of the amplitudes. The observable K33 is proportional to Re(C7C%) and can
therefore provide a null test of the size of C7 (in the same way as the S3 observable in
the B — K*%u*p~ decay). In this case, however, the observable is suppressed by the
size of Py,.

8 Expected experimental precision

Table 1 indicates the typical precision on the angular moments that could be achieved
at the LHCb experiment. The experimental precision has been estimated using pseudo-
experiments corresponding approximately to the expected signal yield in the current and
in a future LHCb dataset. Experimental backgrounds and non-uniform angular acceptance
have been neglected in this estimate. However, these are expected to have only a small
impact on the experiments sensitivity. The sensitivity that can be achieved with the large
datasets that will be available at an upgraded LHCb experiment is interesting event for
modest values of Py,.
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Obs. Runl Run2 Upgrade Phasell | Obs. Runl Run2 Upgrade Phasell
M, 0.021 0.011 0.004 0.002 | Mg 0.071 0.038 0.014 0.006
My 0.042 0.023 0.008 0.003 | Mjg 0.156 0.084 0.030 0.012
Ms3 0.030 0.016 0.006 0.002 | My 0.071 0.038 0.014 0.006
My 0.050 0.026 0.010 0.004 | My; 0.090 0.048 0.017 0.007
Ms 0.078  0.042 0.015 0.006 | Mz 0.041 0.022 0.008 0.003
Mg 0.055  0.030 0.011 0.004 | Mas 0.089 0.047 0.017 0.007
M7 0.090 0.048 0.017 0.007 | May 0.036 0.019 0.007 0.003
My 0.041  0.022 0.008 0.003 | Mys 0.156 0.083 0.030 0.012
My 0.090 0.048 0.017 0.007 | Mys 0.071 0.038 0.014 0.006
Mo 0.041 0.022 0.008 0.003 | My7; 0.156 0.083 0.030 0.012
Mi; 0.051  0.027 0.010 0.004 | Mys 0.071 0.038 0.014 0.005
My 0.078 0.041 0.015 0.006 | Mag 0.097 0.052 0.019 0.008
Mz 0.054 0.029 0.010 0.004 | M3y 0.062 0.033 0.012 0.005
My 0.088 0.047 0.017 0.007 | Ms; 0.097 0.052 0.019 0.008
Ms 0.136  0.073 0.026 0.011 | M3, 0.062 0.033 0.012 0.005
Mg 0.097 0.052 0.019 0.008 | Ms3 0.061 0.033 0.012 0.005
M7z 0.156 0.084 0.030 0.012 | M3y 0.061 0.033 0.012 0.005

Table 1. Expected experimental precision on the angular moments of the Ay, — ApTp~ decay at
the LHCb experiment. The four columns correspond to: the observed yield of 300 Ay — Aptpu~
candidates with 15 < ¢ < 20 GeV?/c* in the LHC run1 dataset [23]; an expected yield of ~1000
candidates at the end of run2 of the LHC; an expected yield of ~8000 candidates in 50fb~!
of integrated luminosity with an upgraded LHCb experiment; and an expected yield of ~50000
candidates in 300 fb~! with the proposed LHCb phase II upgrade.

9 Conclusion

In this paper we have derived an expression for the angular distribution of the Ay — Au™p~
in the case of non-zero production polarisation. This extends the number of observables in
the decay from 10 to 34. These observables can be determined from moments of the Ay —
ApTp~ angular distribution. Explicit expressions have been provided for the observables
in terms of the angular moments to enable an experiment to determine the new observables
from their dataset. A phenomenological analysis has also been performed to illustrate how
these observables might vary in extensions of the Standard Model. The analysis shows that
there is interesting new sensitivity that can be gained if the A, baryon is produced polarised.
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A Wigner D-functions
The Wigner D-functions are
DYy (e B,7) = ™2l (B)e=m (A1)

where the a, 8 and « correspond to the Euler rotation angles needed to rotate between the
reference frame of the mother particle and the helicity frame of its daughters. The relevant
small d-functions are

d}gg/Q(ﬁ) = cos(8/2),
dya 1 o(8) = —sin(5/2),
di 1(8) = cos®(B/2),
di _1(8) = sin?(3/2), (A.2)
di o(8) = cos(B/2) sin(5/2),
djo(B) = cos(B),
with
iy (B) = A7y o (B) = (1) d, 0 (B) - (A.3)

B Numerical results

Standard Model predictions for the angular observables with P, = 1 are provided in
tables 2 and 3. Predictions are provided in two ¢? ranges: at large hadronic recoil, in the
range 1 < ¢% < 6 GeV?2/c?, and at low hadronic recoil, in the range 15 < ¢ < 20 GeV?/c?.
The SM predictions are evaluated using the EOS flavour-tool. For any other choice of P,,,
predictions for My1—Ms4 can be achieved by multiplying the values in tables 2 and 3 by
the new value of Py, .

C Variation of observables with NP contributions

Figures 2-9 show the variation of M;—M34 under two possible modifications of the SM
Wilson coefficients: a scenario where there is a NP contribution to Re(Cy) or Re(C1p); and
a scenario where there is a NP contribution to Re(Cy) or Re(Cy).
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Obs. Value 68% interval Obs. Value 68% interval
M 0.459  [0.453,0.465] | Ms 0.000  [—0.005, 0.006]
Mo 0.081 [0.071,0.094] M7 —0.025 [-0.034, —0.014]
Ms  —0.005 [-0.014,-0.001] | Ms  —0.003 [-0.016,0.012]
M, 0280 [-0.290,-0.262] | My  0.002  [0.001,0.002]
Ms  —0.045 [-0.053,-0.037] | Mo  0.002  [0.001,0.002]
M, —0.366 [—0.383,—0.338] | Mas —0.147  [-0.162,—0.133]
My, 0071  [0.058,0.081] | Mas  0.132  [0.120,0.150]
Mis 0001  [-0.010,0.007] | Mszs —0.001 [~0.001, —0.000]
My 0243 [0.230,0.254] | Mas  0.004  [0.003,0.005]
Mis —0.052  [—0.060,—0.045] | M2y 0.089 [0.081,0.099]
Mg 0.003  [0.001,0.009] | Mss —0.089 [—0.100,—0.080]
Mz 0004 [-0.012,0.018] | Mss  0.000  [0.000,0.000]
Mg 0.029 [0.018,0.037] Msp 0.000 [0.000, 0.000]
My —0.001 [-0.002,—0.001] | Mz  0.000  [0.000,0.000]
My  —0.003  [-0.003,0.002] | Ms»  0.075  [0.035,0.118]
My 0002  [0.001,0.003] | Mss  0.007  [0.001,0.012]
My,  —0.005 [-0.006,—0.003] | Mss  0.000  [—0.000,0.000]

Table 2. Predictions from EOS for the angular observables of the Ay — Ap™p~ decay with Py, =1
in the range 1 < ¢ < 6 GeV? / ¢*. The SM calculation is described in the text. The observables M3
and M3, vanish due to the small size of the muon mass. Observables that depend on the imaginary
part of the product of two transversity amplitudes also tend to be vanishingly small, due to the
small strong phase difference between pairs of amplitudes in the SM.

Obs. Value 68% interval Obs. Value 68% interval
M 0.351  [0.349,0.353] | Ms 0.187  [0.183,0.192]
M> 0.298 [0.294,0.301] M7 —0.022 [-0.025,—0.019]
Ms  —0.236 [-0.240,-0.230] | Ms  —0.100 [—0.105,—0.095]
My  —0.195 [-0.200,-0.190] | My  0.000  [0.000,0.001]
Ms  —0.154 [-0.159,-0.149] | My —0.001 [—0.001,—0.000]
My, —0.064 [—0.069,—0.058] | Mas —0.299 [-0.303, —0.295]
M, 0240  [0.235,0.245] | Moy  0.337  [0.335,0.338]
Mis 0292 [-0.205,—0.288] | Mas —0.001 [—0.001, —0.000]
My 0034 [0.031,0.038] | M  0.001  [0.000,0.001]
Mis —0.191  [-0.196,—0.186] | M2 0.221 [0.216, 0.226]
Mg 0151  [0.146,0.156] | Mas —0.187 [—0.191,—0.183)]
M7 0.102 [0.096,0.107] Mag 0.000 [0.000, 0.000]
Mis 0021 [0.018,0.024] | Msy —0.001 [~0.001,—0.000]
My 0.000  [0.000,0.000] | Ms  0.000  [0.000,0.000]
My  —0.001 [-0.001,—0.001] | Mz —0.046 [~0.050, —0.043]
My 0.000  [0.000,0.001] | Mss —0.053 [—0.056,—0.050]
My, —0.002 [-0.002,—0.001] | Mz  0.000  [0.000,0.000]

Table 3. Predictions from EOS for the angular observables of the A, — ApTp~ decay with Py, =1
in the range 15 < ¢% < 20 GeV?/c*. The SM calculation is described in the text. The observables
M3y and Msz4 vanish due to the small size of the muon mass. Observables that depend on the
imaginary part of the product of two transversity amplitudes also tend to be vanishingly small, due
to the small strong phase difference between pairs of amplitudes in the SM.
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Figure 2. Variation of the observables M;—M;, of the Ay — AuTp~ decay from their SM central
values in the large-recoil region (1 < ¢> < 6 GeV?/¢*) with a NP contribution to Re(Cy) or Re(Cp).

The SM point is at (0,0).
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Figure 3. Variation of the polarisation dependent angular observables of the A, — AuTp~ decay
from their SM central values in the large-recoil region (1 < ¢> < 6 GeV?/c*) with a NP contribution
to Re(Cy) or Re(Cyp). The SM point is at (0,0). To illustrate the size of the effects, Py, = 1
is used.
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Figure 4. Variation of the observables M;—M;, of the Ay — AuTp~ decay from their SM central
values in the low-recoil region (15 < ¢% < 20 GeV?/c*) with a NP contribution to Re(Cy) or Re(Cip).

The SM point is at (0,0).
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Figure 5. Variation of the polarisation dependent angular observables of the A, — AuTp~ decay
from their SM central values in the low-recoil region (15 < ¢* < 20 GeV?/c*) with a NP contribution
to Re(Cy) or Re(Chp). The SM point is at (0,0). To illustrate the size of the effects, Py, = 1 is used.
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Re(GY") Re(C}")

Figure 6. Variation of the observables M;—M;o of the Ay — Au™p~ decay from their SM central

values in the large-recoil region (1 < ¢? < 6 GeV?/c*) with a NP contribution to Re(Cy) or Re(C}).
The SM point is at (0,0).
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Figure 7. Variation of the polarisation dependent angular observables of the A, — Aup~ decay
from their SM central values in the large-recoil region (1 < ¢> < 6 GeV?/c*) with a NP contribution

to Re(Cy) or Re(Cy). The SM point is at (0,0). To illustrate the size of the effects, Py, = 1 is used.
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Figure 8. Variation of the observables M;—M;o of the Ay — Au™p~ decay from their SM central

values in the low-recoil region (15 < ¢ < 20 GeV?/c*) with a NP contribution to Re(Cy) or Re(C}).
The SM point is at (0,0).
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Figure 9. Variation of the polarisation dependent angular observables of the A, — AuTp~ decay
from their SM central values in the low-recoil region (15 < ¢? < 20 GeV?/c*) with a NP contribution

to Re(Cy) or Re(C§). The SM point is at (0,0). To illustrate the size of the effects, Py, = 1 is used.
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D Short-distance dependence at low hadronic recoil

In the limit of low hadronic recoil, and neglecting lepton mass dependent effects, the K;
functions can be written in terms of the short-distance dependent p-functions of ref. [2] as

(ma —mA)2 _
Ky =4sy <|ff|2 + bTVOAP P
was (I7VP + + (mma) Vot
Ky =8sy | 11707 +8s_|f o],

K3 = 32/555_f{ ! Re(p2),

AV (m%b_m%) VoA

Ky = —16apa\/sys— | fLfl + Tfo foo | Re(pa)
. (D.1)

K5 = —32an/sys—f1 1 Re(ps),
Kg = —8aA8+!ff\2p§ - 805A3—‘f1‘_/‘2/7;7

mp, + ma mp, — MA
K — —16ay /575 <(")fo - Wféff) Re(ps)

v e

K = 850y e Z1) 4 f_SMAMfO ot

\/qu fO fJ_p3 \/(]7
(ma, +ma) v

Ko = 1604 y/575= <\/q>f0 7+ Wf?ff) Im(ps),

and

(m3

2
—my)
Ky = —16Py,\/555- (f(?fOVAqu — fffl/) Re(ps) ,

K1z = 32Pp,\/515-f1 f{ Re(pa) ,

K3 = SPAb5+|fJ‘_/|2p3T + 8PAb5*|ff|2ﬁ’; J

(mA +mA)2
= —404APA1,S— <’fJ‘_/|2 - |f(§/‘2bT Pi’—

(mA —mA)2 _
—4op Py, s+ <|ff|2 — |f64|2bT P15

Ki5 = —8anPa,s_|fV 1207 — 8anPa,so|f11%07

K1 = =320 Pr,/535— f1 £/ Re(p2) ,
(ma, +ma) Ly

Vi

(ma, —ma) .4

Vi

Ki7 = —8apPy, s IV Y of +8anPy, sy

f()f )
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(ma, +ma) v (ma, —ma)

Kig = —1604APA5\/S+T <\/q>f0 fJ_ \/q—2f64f}_/> Re(pQ)v
q

(ma, +ma) v (ma )

K9 = 16ap Py, \/S+5— <\/q»fo i+ i/_jnmféqfl/> Im(p2),

(mAb + mA)

Koy = 16Py,\/515— (ﬁfﬂ - (ma, —2 A) 4 y f¢> Im(p4),

(ma, +ma) v (ma, —

Koz = —16P), /545 (\/q—fo fJ_ + \/q—Q )fo fJ_> Re(pa) , (D-2)

(ma, +ma) v (ma, —ma) .4

Koy = =8Py, s_ JE 1o £V p3 — 8Py, 54—t —"2 \/»2 1oy,
(ma, +mp) v (mp, —mA) ,a
Kos = —16ap Ppy /545 bifo fl =221 Y ) Tm(pa)
S S e
Ko7 = SQAPAbS—i(mAb * mA)fo Vo + 8aAPAbS+7(mA )fo fior,
vV V&

(ma, +ma) Ly (ma,

Kog = 160z Pa, /555- <\/q—f0 i+ ﬂf?ff) Re(pa),

(m3, — mi)

K30 = —16as Py, /575 fo fy Tm(p2),
ma, +ma mpa, —
K3o = 4aAPAbS—y’fo ? P1 4O‘APAbS+y’f0 %ot

Kgs = danPays_|fY Pt — danPaysi P07
K3y = —16aAPAb,/s+s,fffl/Im(p2) .

The remaining K;’s vanish in the low-recoil and zero lepton mass limits. In eqgs. (D.1)
and (D.2): fg/ , fé“, fj_/ and ff are the vector and axial-vector helicity form-factors for the
Ap — A transition; my, and my are the masses of the A, and A baryon, respectively; and
s+ = (ma, £mp)? — ¢®. The four contributing tensor form-factors have been removed by
exploiting Isgur-Wise relationships [44] to relate the tensor form-factors to the vector and
axial-vector form-factors.
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