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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/h — AA with A — pr™ and A — prt
o ete™ — J/ib — AA with A — pe~De and A — prt

w1 B

23
. ;2 Figure adapted from Patrik’s slides

@ Spin density matrix of the production process:

Coo =2(1 + oy cos? 01),
Cop=24J1- a;, sin 6 cos 6 sin(Ad),
Cyy =2sin* 6y,

3 >
1 B, C13 =24/1 —aj sinf; cos 0 cos(AD),
PBiB = Z C;zv(f)l)ﬂ',}i;1 ey v

=0 Cy = —Coa,
Cxn = ayCyy,
C31 =-Ci3,
@ Main parameters: ay,, AD C33 = ~2(ay + cos” ).
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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 -
@ Full determination in [PRD99 (2019) 056008] I‘

@ Decay matrix or transition matrix a,.,

@ J = 1/2 hyperon (A) decays into a J = 1/2 baryon (p) and a J = 0 pseudoscalar (71)

12 12
1 5 4 *

4= Y, BBy ), @) @)D @D @
U = 7 7
A=-1/2 KK'=—1/2

@ B,, By - helicity amplitudes, {B1,B_1}
3 3

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



https://arxiv.org/abs/1809.04038

| 1
Decay chain: 5 — 540 (2)
@ Relation between helicity amplitudes and decay parameters
normalization |Ag|? + |Ap2 = IB_%I2 + |1')’%|2 =1,
ap = ~2R(AjAp) = 1Bipal ~1B-1pol’,

Bp = -23(A5Ap) = 23(B1BZ, ),

¥ = A3 — 1ApP = 2R(B12B ),
where fp = /1 - singp and yp = J1 — a2 cos ¢p

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

ap =1, a1 = fBpcosp+ypcosdsing,
ap3 = ap, ax = ypcosg—Ppcosfsing,
ajp = apcospsind, ap3 = sinfsing,

ay = ypcosfcos p—Bpsing, azy = apcosd,

a2 = —Bpcosfcos g —ypsing, a3 = —ypsind,

ajz =sinfcos g, az =PBpsinb,

a = apsinfsing, azz = cosf

@ Main parameters: ap, ¢p
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Decay chain: 1 —  + {0, %1} (1)

@ Decay matrix or transition matrix by,

3
a-W
oy = Z b0,
v=0

@ J =1/2 hyperon (A) decays into a J = 1/2 baryon (p) and a J = {0,£1} W~ -boson
(—) ll/l)

1/2 1 1/2
1 .
e O3 Mt 3 et Dl @l o

4n Ap==1/2 Ay, Ay=-1 kk’-—l/Z

12

1 2 1= 1
as,=s1 /2l Doy a2, @D 4,0, Q)
d==1/2

Hy,,

Aw H>\2)>\/W - helicity amplitudes, {H%OfH—%()’H%l’H—%—l}

K, ' - index of mother hyperon (A); A2 - index of daughter baryon (p)

AW, )\QA, - index of W™ -boson; A\;, A, - index of lepton and neutrino
Q= {907970}7 Q= {X’ 0[70}
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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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https://arxiv.org/abs/hep-ph/0511019
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Decay chain: 5 — 5+ {0, £1} (2)
@ Relation between helicity amplitudes and decay parameters

1
normalization -(1 F cos ) \H.I\Z + (1 +cos b)) |H_,_l\2 —sm 2 6/(|H._ .0\2 + \H.O\ =1,

-(1 F cos b)) \H”\Z - -(1 + cos b)) |1L17_,1|2 —sm 2 6,(|H_ |0\2 \H.OIZ),

l
s = sin6siny((1 £ cosé’,)S(HiloH,Ll) + (1 Fcos GI)S(H’{IH%O)),
z 2 z

’T vz
1 -
73 = E sin 6 cos x((1 + cns(-?,)‘K(HJOH_r y+(1=F cos(?,)‘R(H%lH%o))

where B3 = /1 - (a2 sing}l and yj) = /1 - (a3} cos ¢

@ Non-zero elements of the decay matrix by,

boo =1, by = +yD cos @sin ¢ +ﬁDcos¢,
byz = arf)’, by = iﬁg cosfsing ¥ 725 cos ¢,
by = wD cos ¢siné, b3 = sinfsin @,

by = q:y cos Gcos¢+ﬂD sing, by = ap ! cos 6,

b1 = iﬁ cochosdJin sing, b3 = iy;) sin 6,

13 = sinfcos ¢, 32 = FB5,sin 6,
b [ bs 5! sin 0
by = arf)’ sin#sin ¢, b33 = cosf

@ Each element of by, is multiplied by ¢?p where p = /My M_/(2M;)
@ Main parameters: aj; d)
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Semileptonic A decay

@ Momenta and masses: A(p1, M1) — p(p2, M2) + e (pe, me) + Ve (pi.,0)
@ Standard set of invariant FF for the weak current-induced baryonic 1/2+ — 1/2%
transitions:

My = My + My = (p(p2)ld A IAp)) =

= (py) [7,‘ (FY (@ + Fi(gys) + % (FY (g™ + F3(qPys) + 1%”1 (FY >+ Fg‘(qz)ys)] u(p1)

where ¢, = (p1 — p2)u
2
@ For A — pe™ ve at O(%)%OﬁF;‘Aﬁo
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Semileptonic A decay

@ Momenta and masses: A(p1, M1) — p(p2, M2) + e (pe, me) + Ve (pi.,0)

@ Standard set of invariant FF for the weak
transitions:

current-induced baryonic 1/2+ — 1/2%

My = My + My = (p(p2)ld A IAp)) =

_ i q”
= (py) [7,‘ (FY (@ + Fi(gys) + A':I—l

where g, = (p1 — p2)u

(FY@»

I (FY >+ F?(qz)ys)] u(pr)

A 2
+ F(q")ys) + M

2
@ For A — pe™ ve at (9(;%‘3)%0:}17;"4%0

@ A—pe Ve => Ao pW (= e D)

@ Helicity amplitude is Hx,x,, = (H)\2)\W

M+ M
HY = \2M_|-F/ - =L 2FY), 8
L ! M 2 E
=3 >
8 VAT ? ¢
== (M1+M2)FY+;I/I—F¥ .
3 \/q— 1
where My = (M1 £ Ms)? — ¢%;

M- M
HY = \2M, (F;* - ’TQFQ),
2 1
M. 2
HA = N (—(M1 - My)F + q—Fg‘).
20 qu M,
V,A V,A
HON —aw = TH Ay

1 September 2020
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Joint angular distribution

@ Process ete™ — J/vb — AN — pe” Deprt

3
Trppwp < WE ) = ) Cusbliyaly
uv=0
o Cuy(0h; ay, AD)

e by matrices for 1/2 — 1/2 + {0, £1} decays © bﬁ =

! 0 = ;40(9[7’ (" O, X 112; af\l )
o ayo matrices for 1/2 — 1/2+0 decays & aQO = ay0(0p, s @)

o &= (06,0, 0p.00,4% X, 05, 0p)
o w = (ay, AD, a3, aR)

@ Elements of decay matrix b,o and apo

boo =1, ag =1,

by = @) cos¢sm9 _ sl sl ajo = apcospsing,
A — pe”v, where ap= ay X R

by = ay) ! sin Gsin ¢, ax) = apsinfsin e,

b3o = a/f)’ cos asp = apcost

“each by are multiplied by q*p where p =M, M_/(2M;)

A — pr* where ap=a;

[PRD 99 (2019) 056008]
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https://arxiv.org/pdf/1809.04038.pdf

Next steps

@ Verify the correctness of the modular method for the semileptonic
hyperon decays
e Plan to use Andrzej’s method (some package of scripts)
@ Check the direction of particles in the helicity frame of the initial hyperon
@ Expand the modular method to the semileptonic cascade decays, as an
example:
e ZoA—=p+m)+i+uy
e = X(—=pt+m+il+tuy
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Backups
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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
https://old.inspirehep.net/record/220935
https://www.annualreviews.org/doi/abs/10.1146/annurev.nucl.53.013103.155258
https://arxiv.org/pdf/0806.4072.pdf
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.41.780
https://journals.aps.org/pr/pdf/10.1103/PhysRev.110.1178
https://journals.aps.org/pr/pdf/10.1103/PhysRev.111.354

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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http://pdglive.lbl.gov/DataBlock.action?node=S018AV&home=BXXX020

Semileptonic A decay (2)

@ Angular distributions for the A — pW ™~ (— e~ ) of a polarized A in the helicity
formalism [EPJ C59 (2009) 27]

dr 1 G2

= @@ ___F |2’/2_p
dq?d cos @ dyd cosBp 6 (2m)*

|VMS 2
M2

X

3 2 2 3 2 2 3.2 2 2
x[g(l —cos 6)) |H%1| Pyt §(1 + cos 6;) |H7%71| Pt Zsm 6,(\H7%0| Pt +|H%0| p%%)+

3 .
+mp%7% cos y sin 6; (H7%0H7%71(1 +cos ) + H%OH%l(l — cos 00)]

where spin density matrix

_ 1 {1 +Pcosép Psin6p
i@ 5 ( ame 1 o)

Io—1.

I, — i[y)

A rest frame

where P is the polarization vector of the A

0y is the polar angle of the lepton in the W~ decay plane

Op is the polar angle of the A polarization vector in the A decay plane
X is the azimuthal angle between two decay planes

1 September 2020
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https://arxiv.org/abs/hep-ph/0511019

MC generator (step 1)

@ Using YYbar_example package by Patrik, the presented process can be generated

o Generate N5 =106 and NPIP—107

o Generate q2 € (mi, (Mp — Mp)2)

e No negative weights

Min: 1.09107e Max:5.72174
nr of negative weights are: @
FCN=91.6295 FROM MIGRAD ATUS=CONVERGED 104 CALLS 105 TOTAL
EDM=1.0038 7 STRATEGY= 1 ERROR MATRIX ACCURATE
EXT PARAMETER S FIRST
NO. NAME VALUE ERROR = DERIVATIVE
1 po 7.59231e+02 4.25138e+00 1.20418e-02 -4.15449e-085
2 pl 4.69479e-01 1.55037e-02 4.39105e-05 -3.7 Te-82
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Random samples (signal) (step 1

weights
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Random samples (phsp) (step 1

weights
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Run through fit method (step 2)

@ Set starting values in the fit

mainHLL(){

Double_t
or(

Double_t alpha_jpsi
Double_t dphi_jpsi
Double_t gav_lam_plnu
Double_t gv_lam_plnu
Double_t alpha_tam_pbarpip

alpha_jpst

dpht_jpst gRandon
gav_lam_plnu B
gv_lan_plnu
alpha_lam_pbarpip = -

ReadData(
ReadMC();

e Fit method output
Loglike: -19457.7
FCN=-19458.2 FROM MINO:! STATI [dd FUL 254 CALLS 409 TOTAL
EDM=8.92012e-06 STRATEGY= 1 ERROR MATRIX ACCURATE
EXT PARAMETER PARABOLIC MINOS ERRORS
NO .. NAME VALUE ERROR NEGATIVE SITIVE
1 alpha_jpsi 4.58133e-01 9.71892e-063 -9.67526e-03 .76061e-03
2 dphi_jpst 7.07653e-01 N -1.90374e-02
3 galLam 9.83858e-01 1.21829e-02 -1.20563e-02
4 gvLam 1.30270e+00 4.44752e-02 -4.44779e-02
5 alambar -7.59457e-01 1058 03 07343e-03
ERR DEF= 0.5
EXTERNAL ERROR MATRIX. NDI 25 NPA 5 ERR DEF:
9.446e-05 3.862e-05 4.7 -06 2.458e-05
3. .688e-04 -1.519e-05 84e 2.687e-05
4. -1.519e-05 . €-04 6 -7.175e-08
1 984e-05 . 2.434e-06
2. :1 5 .687e-05 -7.175e-08 6.571e-05
PARAMETER CORRELATION COEFFICIEI
NO. GLOBAL 5
1 .35404 1.000 0.207
2 .25216 0.207 1.000 B .173
3 .08553 0.040 -06.065 1.000 . .001
4 .06216 0.030 -6.047 0.011 X 0e7
5 .33109 0.312 6.173 -0.001
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Fit results (step 2)

_ B0
YT FY(0)
NI =10° NIC =10°
Parameter Nphg; — 107 Nphg) — 106
ay 0.4581+0.0097 | 0.4867+0.0196
Ad 0.7077£0.0192 | 0.7252£0.0398
ajx -0.7595+0.0081 | -0.762+0.0163
Jav 0.9839+0.0122 | 0.9793+0.024
Juw 1.302740.0445 | 1.279340.0878
Parameter
N%‘quc =106 e~ -mode ©~-mode
NSO =107
oy 0.458140.0097 0.475%0.003
Ad 0.7077+0.0192 | 0.6886£0.0057
oz -0.759540.0081 | -0.750940.0024
Yav 0.983940.0122 | 1.1456+£0.0058
Jw 1.3027+0.0445 | 1.6243+0.0156
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Fit method of moments (step 3) (1)

@ Use fitted parameter values as input

momentsLLbar_semil(){

e_t pp[ 1;
( i=

5 i< 3 i+ ) pplil= ;

ppl ]
ppl 1]
ppl ]
ppl ]
ppl ]

angoistibar angdis(pp[ 1.pp[ 1,pp[ 1.pp[ 1,ppL 1)

ara Batozska; 1 September 2020
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Fit method of moments




A direction in c.m.s. (1)

@ ete™ = AN — pr—prt

@ A—pr~ (cm.s.) @ A— prt (cmus.)
e x: sinf, cos ¢p e z': sinfp cos ¢pp
o y: sinfpsing, e y': sinfpsin¢p
e z: cosbp e 2': cosbp
where z = -2, y =9/, 2 = —2'
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A direction in c.m.s. (2)

@ ete™ = AA — pl—pprt

@ A rest frame
e x: -cos ) sinfy
e y: sin@)sinx
e z: sin6; cos x cos by

@ W™ rest frame
e x: -cos6
e y: sinfsin x
e z: sinf;cosx
@ A—pl p (cm.s.)
e x: -cos B sinf, cos pp
e y: sin@; sin x sin ¢,
e z: sinf; cos x cos @y cos ¢pp
where x = -2/, y =19/, 2 = -2’

@ A — prt (cms.)
e z’: sinfp cos ¢p
o y': sinfpsin¢p
e z': cosbp



Double_t cosI(Int_t i,Int_t ip,Double_t z,Double_t ph)
{

// calculate directional cos

//Lambda,Lambda_bar
return 1;
return TMath::Sqrt(i-z*z)*TMath::Sin(ph);
val = 8;
val = TMath::Sqrt(1-z*z)*TMath::Cos(ph);
val = z;
) return -val;
if(ip==1) return val;
return o;

}
Double_t cosI_semil{Int_t i,Int_t ip,Double_t z,Double_t ph,Double_t z1,Double_t phl)
{

// calculate directional cos
SRV
//Lambda,Lambda_balf
return 1;
return TMath::Sin(ph)*TMath::Sqrt(1-z1*z1)*TMath::Sin(phl);
val H
val -TMath::Sqrt(1-z*z)*TMath::Cos(ph)*z1l;
val = z*TMath::Cos(phl)*TMath::sqrt(1-z1*z1);
) return -val;
) return val;
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Some distributions (step 3)

E. Pe
hel hpl
2500[— Enties 1406304 F Enries 1406304
r Mean 008718 [ Mean 008718
N Std Dev. 02861 F Std Dev. 02861
r 2500~
2000(— E
[ 2000~
1500~ L
E 1500~
1000~ L
r 1000~
500~ soo-
I P U AR IR AR IO Y C Ll
002 004 006 008 01 012 014 016 018 018 02
cos(8,)
heoslepth _ hpp
[ Entries 1406304 UU, Entries 1406304
r Mean 003652 [ Mean  0.1107
1200l | # # ﬂ I Swber_osus F Swber 003195
r 2000(—
1000— r
[ 1500~
800 L
r 1000
600 — r
[ 00—
400 F
| | | ! =2 1 1 1 | 1 1 1 L
-1 08 06 04 02 0 02 04 06 08 1 0 002 004 006 008 01 012 014 016 018 02
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