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Introduction

@ Helicity method allows:

e Compact calculations of the angular decay distributions
e Analyze the semileptonic decays of polarized hyperon
e Take into account the lepton mass effects

= vector and axial-vector currents
@ Aim: a general modular method for the semileptonic hyperon decays

@ Analysis is based on:
e Helicity analysis for 20 — S+ (— pr®)i= 5 (I=e~, ™) [EPJ C59 (2009) 27]

annihilation to a BB pair [PRD 99 (2019) 056008

e Polarization observables in ete
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https://arxiv.org/abs/hep-ph/0511019
https://arxiv.org/abs/1809.04038

Production process of two spin—% baryons

@ General framework of the ete™ — J/1 — AA is described in [PRD99 (2019) 056008]
@ Production process doesn’t depend on the final states. It is the same for:

o ete™ — J/¢ - AA with A — pr~ and A — prt

o ete™ — J/ip — AA with A — pe~ D and A — prt

v s .
. 9 Figure adapted from Patrik’s slides

@ Spin density matrix of the production process:

Coo = 2(1 + ay cos® 6y),

Co2 = 21 = @, sin6) cos ) sin(AD),

Cyy = 2sin’ 6y,
3
1 B - — i
Ps = Z Z C,ﬁ(ﬁ)ﬂf' ®0_€3 Ci3=2,/1 ay, sinf cos 6 cos(AD),
=0 Ca = —Con,
Cn =ayCu,
C31=—-Cis,

C3z = 2(ay + cos® 6).

@ Main parameters: 01 = 04, oy, AP
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https://arxiv.org/abs/1809.04038
https://indico.ihep.ac.cn/event/11274/contribution/15/material/slides/0.pdf

Decay chain: £ — 2+ 0 (1)

A rest frame L
@ Full determination in [PRD99 (2019) 056008] Ia

@ Decay matrix or transition matrix a,. a

@ J = 1 hyperon (A) decays into a J = % baryon (p) and a J = 0 pseudoscalar (7+)

12 12
! . A1/

4= Y, BBy ), @) @)D QD5 @
” AA'=-1/2 KK'==1/2

@ Two helicity amplitudes: {B1,B_1}
2 2

@ k,k’ - index of mother hyperon (A); A, )\ - index of daughter baryon (p)
0 Q= {p,0,0}



https://arxiv.org/abs/1809.04038

Decay chain: % — % + 0 <2) [PRD99 (2019) 056008]

@ Relation between helicity amplitudes and decay parameters

normalization |Ag|? + |Ap|*> = |B_%|2 + |B%|2 =1,
ap = -2R(AjAp) = |Bia - B
Bp = —23(A5Ap) = 23(B12B ),

¥o = 5P ~ 1A = 2R(B1 2", ),
where Bp = /1 —a%sinzpu and yp = 1/1 —a%)cosgap

@ Non-zero elements of the decay matrix a,,:

ap =1, az; = Bpcos g+ ypcosfsing,
aps = ap, ax =7ypcosy—PBpcoshsing,
ajp = apcossinb, a3 = sin@sing,

ay = ypcosfcosp—Lpsing, azy = apcosb,

a2 = —Bpcosfcosg —ypsing, as) = —ypsind,

a3 = sinfcos ¢, as =PBpsind,

ax) = apsinfsing, az3 = cosf

@ Main parameters: 0 = 0p, ¢ = pp, ap = @z, YD = P}
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https://arxiv.org/abs/1809.04038

Decay chain: 1 —  + {0, %1} (1)
@ A peve=—=>A—-pW™ with W™ = e e

@ Decay matrix or transition matrix by,

3
oy = Z buva‘,f_w
v=0
@ Jj= % hyperon (A) decays into a J = % baryon (p) and a J = {0,+1} W~ -boson

12 1 172
1 1/2 12
ek 33 i, 3 e iieo oo, o
=172 Ay =1 Y =172
12

! 2y1x 1
1,251 2l Doy 12, (DD @V,A,—/IV(Q/)’
Ad=—1/2

@ Four helicity amplitudes: {H1,, H_1,,H1 1, 1 4}
2 2

@ k,r’ - index of mother hyperon (A); A2 - 1ndex of daughter baryon (p)

o \w, )‘Q/V - index of W™ -boson; A\, A\, - index of lepton and neutrino
° 0= {90’970}7 Q= {X’ 0170}

10 November 2020 6/21



Decay chain: 1 — 1+ {0, %1} (2)

@ Relation between helicity amplitudes and decay parameters

normalization —(1—00591)2\H|||2+ o +cos 0)*|H. ,4|2 7sm O(IH_ .0\2+\H.0\ Y= 1,

= -(1 — cos ) |H,,|27 -(1 +cos6))’|H_, ,\2 —s].n 6(H_ ,(,| 7|H,(,| ),
ﬁxl_Lsingsin (1 +cos B)I(H* )+ (1= cos O)S(H} Hip)
D= ‘/7 1 51N Y/ { 1o _,_| 1 1 10)

1
yg = E sin 6 cos y((1 + cos ) R(H" ,OH,,,l) +(1- cnsGD‘R(H H%U))

where ﬁg = ‘[1 - (a )2 smaﬁg and yﬁ = ‘[1 - (a}ﬁ)z cosq)g

@ Non-zero elements of the decay matrix buy:

boo =1, by = cosBsma& ﬁDcos¢
bz = aD, by = BDcosHs1n¢—7D cos @,
bio —ancos¢sm9 b3 = sinfsin ¢,

by = —ybcosecos¢+ﬁﬁsin¢, by = ap, ! cos6,

b1 :,6’3 cosecosq)-#yz)l sin ¢, b3 = 7D sin6,

b3 =sinfcos ¢, b3y = — gsinﬂ,

by = (fDl sin@sin ¢, b33 = cosf

® Main parameters: 6 = 0y, ¢ = ¢p, af} = afj(x,01.4%), ¢35 = &7 (x. 01, 4°)
@ Each element of by, is multiplied by ¢?p where p = /M4 (¢2)M_(q2)/(2M1)
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Semileptonic A decay

@ Momenta and masses: A(p1, M1) — p(p2, M2) + e~ (pe, me) + 176(1’175:0)

@ Standard set of invariant FF for weak current-induced baryonic %+ — 1% transitions:

M, = MZ + M2 = (p(p)IT) A1) =

= (p2) [7,1 (FY(@ + Fi(gys) + A’;V 7 (FY(g® + F3(qhys) + ;1;1 (FY(g)+F g‘(qz)ys)] u(p)
where g, = (p1 — P2)u

@ For A — pe~ ueatO( )—>0:>F3Y‘A

—0

@ Helicity amplitude is Hx,x,, = (HY + H>\2>\W) with (A2 = :I:%; Aw = 0,£1):

A2Aw

M + M, A A Mi-M, ,

FY - FY], 5| HY = \2M,[F - ———=F

[ e ). L (- S

E] 2 o 2
4 v v v, 9 v < A VM. A, 9 A
;- 4 g\ HA = —(M, - Mp)F + L_F%].
H‘O \/_((M1+M2)Fl +M1F2), 5 10 ‘/q_z( (M 2)FY I 2)

where My = (My + Ms)2 — ¢%; HYVA HY A

xaaw T EFHNN
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Form factors

.
: 1
VA _ VA VA 2
F g = F) (0)| |7q SFAO1+ P
1- < m, , + na
=0 mA-Hm/1 A

FiV'A(O) my, A o [Gev—2] n;
1
FY(a%) —\/5 ZK*(8912)0) n1 =1
o7 =
FY (@) | T EY (0 ns =
) o : o mez
M=
FA(¢?) 0.719FY (0)3 (Jf; (712103;’ n=1
A( 2) 04 — W
Mp (Mpa+M, m
Fé4(q2) A(in A - p)FA(0)4 P :K()—) n3 =2

1 [PR135(1964)B1483], [PRL13(1964)264]

2 pp = 1.793 [Lect.NotesPhys.222(1985)1], [Ann.Rev.Nucl.Part.Sci.53(2003)39],
[JHEP0807(2008)132]

3 [PRD41(1990)780]

4 Vanish in the SU(3) symmetry limit; Goldberger-Treiman relation [PR110(1958)1178],
[PR111(1958)354]
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https://journals.aps.org/pr/pdf/10.1103/PhysRev.135.B1483
https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.13.264
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Intermediate step (1)

@ Introduction of intermediate parameters:

”*‘HHl +‘H———1‘2+2(| u‘ +|H‘u‘2
a= ‘H‘1| —|H. 771|2+2( ‘0‘ ‘H‘o‘z

‘Hlll +‘H—7—|‘2 2( ‘u‘ +‘H‘o|

s

|H- ,
|H_

’

)
)
)
)

o :\Hgllz [H_ 3o = 2(|H_o* = [Hyol*),
Bra= Q(Q(H,AUHJ 1) £ S(HL, Hy)),
Y12 = 2(§R(H oH 1 E- %(Hle%O))
where S = % n?—a?— (/) + (a” ) sin ¢y, and vy, = % n?—a?— (/)2 + () cos o
@ Non-zero elements of the decay matrix buy:
boo = n + a’ cos? 0 — (o + ") cos b, by = V2sin6)(—Acos 0, sin ¢, — B cosg,),
bos = a + a cos® 0, — (n + o) cos b, byy = V/2sin 0y(B cos 0, sin ¢, — Acos ¢,,),
big = bog cos ¢y sin b, bas = bog sin 6, sin ¢,

by = V2sin 0(—Acos b, cos o, + Bsing,),  bsg = bys cos b,
biz = V2sin (B cos 0, cos ¢, + Asin ), b1 = V2Asin6;sin 6,
by = bgo sin 6, cos ¢y, bsy = —V/2Bsin6;sin6,,

by = bog sin 0, sin ¢y, [

boo cos b,

where A = cos x(71 + cosfys) + sin x(B1 + cos6,3;) and B =sinx(y1 + cos 0py2) — cos x(B1 + cos b, 32)




Intermediate step (2)

@ Using the definition of helicity amplitudes the main parameters to describe
semileptonic hyperon decays are:

-5V (0), FY(0), F0)
P (O NI ()
RO =Frg LO=Tr

@ Relations between intermediate and decay parameters:

n =4 (¢*)* [(M-M.)* = ) (1 + (922(¢*))

2 2
2vy2 4 2y 4
44 (VR ((GEGP)) = 1)+ (G2 P V2 = )M + )+ 458 ()02 = o, ) |
1 1

o Vo M
o = 8O ()M =208+ 381+ 4 [sB6) = MM + 2020 ()3
2 ‘12

o = 4(FY (@) (M2 = ) (M3 = ¢%) [—(1 +(92.(a)%) + (92 (a7)) e

o = 8(FY (¢))*/ (M_M.)? — 22(MF + M) + ¢ [g2 (") + M_M,) +262,(¢*)al ("))

where M_ = M; — My and My = M, + M,
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Two boundary cases: ¢2,;, and ¢2,.

2 — 2 .
@ Qmin = Me — 0:

boo = (1 + (g2.(0))?) sin® 6, < ((F)(0))* + (F{1(0))?) sin? 6, => 1,
bos = —29P (0)sin? 6, & —2F) (0)F{*(0) sin® 4y,

byg = boz sin 6, cos ¢,,,

by3 = bog sin 0, cos ¢y,

b20 = b03 sin Hp sin ¢p,

bag = by sin 6, sin ¢y,

bsg = boz cos 0,

bsg = bgg cos 0.

° q12nax = (Ml - M2)2:

boo = (92(4?))? = (FA () =1 ba1 = V2sin 6 (—A cos 6, sin ¢, — B cos b,),
bo3 = —bgo cos by, bay = V/2sin 6 B cos 6, sin ¢, — A cos ¢p),
b1y = boy sin 0, cos ¢, by = boo sin 0, sin ¢,

byy = V2sin 0(—Acos b, cos ¢, + Bsing,), bsy = bozcosby,
by = V2sin6,(Bcosf, cos g, + Asing,), by = V2Asin 6, sin 6,
D13 = boo sin 0, cos ¢y, b32 = —V/2Bsin 6, sin 0p,
bao = bos sin 0, sin ¢y, bsg = boo cos by,
where A = Jbgglcos x(cos ¢y + coscos dy) + sin x(sin ¢y + cos O sin ¢5)]
and B = Lbg[sin x(cos g1 + cos 0y cos ¢a) — cos x(sin ¢ + cos 0 sin ¢s)]
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Joint angular distribution
@ Process ete™ — AN — pe~ Deprt

3
TrppWﬁ o (w(f’ w) = Z C/J\?blll\oa‘{,\o

= V VvV A
1,7=0 l’FZ’Fl

o Cusl6a; ay, AD) 0
e by matrices for 1/2 — 1/2 + {0, £1} decay_s o bﬁo b0y, 0p, e, X, qz;)
o ayo matrices for 1/2 — 1/2+0 decays < “90 = a;o(Gﬁ,tpﬁ;

1}

o £=(0a,0p, 0p, Oe. X 4505, 0p)

cw = (ay, A(I),
)

@ Range of ¢% € (m}, (M1 — M>)?) is specific for each decay

Varvara Batozskaya 10 November 2020
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MC generator (step 1)

@ Using YYbar_example package by Patrik, the presented process can be generated
e MC samples: N8 _104 and Ng’j‘SP:mS

evt

o Generate g2 € (m2,(My — Mp)?)
e Two sets of input values:

e No negative weights are observed

e Maximal weight: ~0.26 for g and ~0.27 for FF

Varvara Batozskaya 10 November 2020 14 /21



Random samples (g, Ny = 10%) (step 1

weights
Y < <
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s
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Random samples (ff, Ny, = 10%) (step 1

weights
Y <
e H
s e owo| § §
SDos_pours
s
)
a0
04
0 04
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100
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I D T DT
[T ST H T R

Snoxsingp
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Random samples (g, Nphsp = 10°) (step 1

weights
Y
To0cof e
wean  oooess| 3
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Random samples (ff, Nypsp = 10°) (step 1

weights
I < <
i B H i
£ wean 008703
o0 SuDes_povis
eonoof-
soooof-;
10000
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20000
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20000
o
10000 o4
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Run through fit method (step 2)

@ Set input values in the fit

mainMLL(){
matlnMLL(){
Double_t pp[ 1;
Double_t pp[ 1; for( 1= 5 i< ; ) pplil=;
for( =it ;e ) pplil=;
Double_t alpha_jpsi -
Double_t dphi_jpst =
Double_t fvi_lam_plnu
Double_t fv2_lan_plnu
Double_t fai_lam_plnu
Double_t alpha_lam_pbar

Double_t alpha_jpsi
Double_t dphi_jpsi

Double_t gav_lan_plnu
Double_t gw_lam_plnu
Double_t alpha_lam_pbarpip

= gRandom->Rndn() ;
= gRandom->Rndn() ;

zlghajpsi :lghajpsi
phi_jpst phi_jpst
gav_lam_plnu 5 fvi_lam_plnu
plou = p
pbarpip = - _lam_p
| i alpha_lan_pbarpip = -
Readbata();
ReadMC(); readbata() ;
ReadMC();

@ Output value of fit method

NMC — 1t Parameter Noo =107
Parameter Nﬁ{ o _ 105 sz‘hg) =10°
phsp —
o 0.4933+0.0462 Z‘; gg?gigg‘;g?
AD 0.7574+0.4150 eain g
| ; az -0.7083+0.1641
ol -0.708240.3047 FY(0) | 1078603622
Jav 0.8384:£0.2792 VR | 04990421991
g2 -0.3178+2.5996 2 (0) ’ :
w : : FAWO) | -1.1567+0.2222

o ! Strong correlation between A® and aj

e 23 Value with large uncertainty: g,, and F2V (0)

rvara Batozsk:
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Tests: Fit results (step 2)

@ Increase statistics:

MC— 108 T =705 - | NEC =107 NIO=10°

Parameter x% e _ 185 x‘j\l o _ 136 Parameter Nphep = 10° Ny = 106
phsp phsp g 0.494940.0452 | 0.453740.0217
o 0.4933£0.0462 | 0.4534:£0.0218 AD 0.8779£0.2765 | 1.2647+0.1879
AP 0.7574+0.4150 | 1.4871+0.3084 az -0.7083+0.1641 | -0.5626+0.0454
ax -0.708240.3047 | -0.5359+0.0334 FY(0) -1.0786+0.3622 | -1.3699+0.2518
Jav 0.838440.2792 | 0.7998+0.1206 FY(0) 0.4990+2.1221 | 1.4957+1.4542
Iw -0.3178+2.5996 | -3.3097+1.7734 FA0) | -1.1567+0.2222 | -0.95710.1109

@ Fix some parameters to input value:

T F
Parameter 5\\723771{:‘; _ igs
ay 0.4933+£0.0462 | 0.4932+0.0461 | 0.4935+0.0461 | 0.4988+0.4384
A® 0.7574+0.4150 0.74 0.6996-0.1146 0.74
ag -0.7082+£0.3047 | -0.7210+£0.0988 -0.758 -0.758
Yav 0.8384:£0.2792 | 0.8307+£0.2090 | 0.8085+0.1959 | 0.8090-+0.1949
Guw -0.3178+2.5996 | -0.2902+2.5216 | -0.209242.4778 | -0.1799+2.4597
T — 1ot
Parameter N” B 105
ohsp = 10
oy 0.4949+0.0452 | 0.492540.0448 | 0.495540.0452 | 0.4870£0.0424
AD 0.8779+£0.2765 0.74 0.8121+0.1255 0.74
ag -0.7083+0.1641 | -0.7982:+0.0988 -0.758 -0.758
FY(0) -1.0786+0.3622 | -1.1026%0.3589 | -1.0896+0.3578 | -1.114340.3632
FY(0) 0.4990+£2.1221 | 0.4771£2.1023 | 0.479942.1035 | 0.519442.1379
F{(0) -1.156740.2222 | -1.072240.1716 | -1.110440.1558 | -1.103240.1579
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Next steps

@ Verify the correctness of the modular method for the semileptonic
hyperon decays
@ Test the formalism using

e MC samples
e BESIII data sample prepared by Tao and Shun

@ Expand the modular method to the semileptonic cascade decays, as an
example:
e = A—=p+m)+i+uy
e EYX(—=p+m+i+y

10 November 2020 21 /21
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Backups
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Output of fit method (step 2

Loglike: 461.054
MINUIT WARNING IN MIGRAD
ARIABLES IS AT ITS LOWER ALLOWED LIMIT.
60.885 FROM MINOS  STATUS=SUCCESSFUL 1253 CALLS 1535 TOTAL
.92814e-07 STRATEGY= 1 ERROR MATRIX ACCURATE
PARAMETER PARABOLIC MINOS ERRORS
NAME ERROR NEGATIVE POSITIVE

alpha_jps 4.61710e-02 -4.55553e-02  4.68457e-02
dphi_jpsi 4.15625e-01 -3.05929e-01  5.16552e-61
gavian 2.79168¢-01 -3.13936e-61  2.46018e-61
guLan 3 00 -3.22415e+00  2.44056e+00
aLambar .046 at limit 2.06191e-01

497.442
.941 FROM MINOS Qs SIEESL S EE 418 TOTAL
EDM=2.73965¢-66  STRATEG ERROR MATRIX ACCURATE
EXT PARAMETER PARABOLIC "utnos ERRoRS
NAME VALUE ERROR NEGATIVE POSITIVE
alpha_jpsi  4.94922e-61 4.51921e-02 -4.45999e-02  4.58420e-02
dphi_jpst  8.77898e-81 2.76501e-01 -2.61822e-01
fvilan -1.07857e+60  3.62200e-01 -3.97598e-01
fvaLan 4.99047e-01  2.12210e+00
failan -1.15665e+60  2.22154e-01
aLanbar loassteon 1.él0ze01 2.378936 01

ERR DEF= 0.5
EXTERNAL ERROR MATRIX.  NDIN= 25  NPAR
5  ERR DEF=0.5
2.13de-03 1. 5.073-03 -5.173¢-64
1.215-03 1.733e-01 7.666e-02 -2.584e-01 1.247e-01
-2.005e-04 7.666e-02 7.818e-62 8.496e-02 6.100e-62
5.073e-03 -2.584e-01 8.496e-02 7.094e+00 -2.143e-01
-5.173e-04 1.247e-01 6.100e-62 -2.143e-01 9.924e-62
PARAMETER ~CORRELATION COEFFICIENTS
NO. GLOBAL 2

1.319e-61 4.515e-01 -3.108e-02
4.087e-03 4.515e-61 4.649e+00 5.544e-03
.864e-02 -3.108e-02 5.544e-03 4.937e-0:
2.597e-02

CORRELATION

0.31718  1.000
95619  0.66:

5
o ©.137 -0.010 -0.042 0.052 -
i
-6.016 0.
-0
0.951]

©.007 -0.628 0.857
©.576 -6.385 0.135
1.000 0.012 0.032
©.012 1.000 -0.706
©.032 -0. 1.000

063 -0.016

551] 0.693 -
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Helicity amplitudes of the lepton pair i ,

@ Lepton and antineutrino spinors

o1 £71-1
MI*(:FE,PI*)= \/Ez+m1(X o Xi),

T E +my

1 +
W(E) = \/l'?v(:Y ).

X+

where y, = ((l)) and y_ = (?) are Pauli two-spinors

@ SM form of the lepton current (Aw = A\~ — Ap)

_ 1 1 (=1
Wy et pgerp = B G+ y5)05(3) {6;(0) }

where €(0) = (0;0,0, 1) and €(¥1) = (0; F1, —i, 0)/ V2
@ Moduli squared of the helicity amplitudes [EPJ C59 (2009) 27]

nonflip(Ay = ¥1) : n! P= 8(q2 - mz),

/li/lt

2
1 |

fipCw = 0): I\ )

= 87(‘] _m[)

@ Upper and lower signs refer to the configurations (I7,7;) (A, = 1/2) and (I*, ;)
(Av = —1/2), respectively

2
m
55 —0

@ In case of the e-mode only nonflip transition remains under assumption 2
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Size estimations of helicity amplitudes

L e A e [ s B e By By s

T

1114

T(A) Dashed lines:
Py (a*) and Fi(a?)

are switched off

;

V,A
T(V,A):=+v/¢2H 1 '1
2 L(A)

L(V,A)::\/qZHZ‘UA
2

\ x helicity amplitudes [GeV]

S(V,A)::\/qZHY‘(A
1y

48t P S S S U S Ul ol
o Sor o5 0 5o B3 2
m2 m2 (m, -mp)
¢ [GeVY]

@ Ifg?=m2=H ‘1/0 and H ’140 are dominated
1 1
@ If g2 = (Mp — Mp)? = H‘fl = —\/§H‘140 are dominated
3 3

@ Using data of the E-555 experiment (Fermilab) [PRD41 (1990) 780]

A \
L -5 FY (0) _
1 _ P B
FIV(O) (A — pe~ e) = 0.731 £ 0.016 and FIV(O) (A — pe” De) = 0.15 £+ 0.30
O (A = pe~ ) = 0.719 £ 0.016 with constraint FY (0) (A = pe~ ) — 0.97 (CVC)
FY(0) w7 0)
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