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@ b/c hadrons are narrow S

o Level-splitting hierarchy due to 1/mgq S8 R PR DD, DR Ry R

Baryons

@ Quark-diquark picture @@ @@ @@
@ Many deeply connected sectors, e.g. @ @ @

Qg ECC
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Lattice QCD: 5 X\ modes and 2 p modes
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Heavy-quark-diquark system

Charm-baryon sectors

q \,'io—mode @ Heavy quark is static and spinless in the limit mg — co.
Amodg’s q e Excitations of Qqq are governed by the light diquark
/R o g1 @ g 1=t o U0 ang 7L
— "'
( : “good” “bad”
Q ) o Excitation pattern is different for “good” and “bad” diquarks

@ @ © ©
© © o) &

Ac Y. =,
“good” “bad” (isospin) “good"+"bad” “bad"(identity)
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Excitation spectrum of baryons with “bad” diquark
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Excitation spectrum

A

Energy

of baryons with “bad” diquark

Structure:
@ Radial and orbital
excitations
o Light d.o.f.: Spin-Orbit
splitting

o “Hyperfine” doublets:
heavy-quark spin

Counting of states
— model independent
Size of splitting, the order
— differs from model to model

\/

Orbital quantum numbers
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Phenomenological models

@ Agree on the general pattern

J 3040

1P states in QM

. FG RP STRV
@ Agree on relation between the sectors T e—— o
6.6 3§ =—= 6.6 2980 o0 b, 2580
38— r= " » s w W s » w2 s
6.4 p—— 64 .
— [Faustov-Galkin, EPJ Web Conf. 204 (2019) 08001]
2P ——— —_—
N 28 == [Roberts-Pervin, Int.J.Mod.Phys.A 23 (2008) 2817-2860]
3 » — 2 [Shah-Thakkar-Rai-Vinodkumar, EPJA 52 (2016) 10, 313]
é s ,(6097)
5 69 Ap(5920)° 00
P Ap(5912)° 53(5835)" c - 5
" T @ Often neglect the diquark excitation
5.8 TS 5.8
iz @ Disagree on the splitting and the order
560 15— ms,s
[Bing Chen et al., PRD98 (2018) 074032]
February & 2026 e



Phenomenological models

o Agree on

@ Agree on

the general pattern

relation between the

sectors J o
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[Bing Chen et al., PRD98 (2018) 031502]

1P states in QM

FG RP STRV
———————
3040 3040
3020 3020 3020
—— —o—
3000 3000 3000
—o— ——
L gl D G
2980 2980 + 2980
—
2960 2960 2960
12 32 52 1 32 5i2- vz 32 52

[Faustov-Galkin, EPJ Web Conf. 204 (2019) 08001]
[Roberts-Pervin, Int.J.Mod.Phys.A 23 (2008) 2817-2860]
[Shah-Thakkar-Rai-Vinodkumar, EPJA 52 (2016) 10, 313]

@ Often neglect the diquark excitation

@ Disagree on the splitting and the order
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Experimental results
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X7** states in prompt production [LHCb:2018haf]

AY is reconstructed in Af7~

< E T T T T T
3 450F +
© BOE s L A i n_
S 400F gt A K
© ok B - A Ag c p
?’3 300§_ W 56097 - Al S T
E ... NN _

g 250E- Background ZZ*_ T
T 200F
§ 150F

100E

3 @ One clear structure but anomalously broad

%5 200 400 600
Q[MeV]
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X7** states in prompt production [LHCb:2018haf]

AY is reconstructed in Af7~

3 450 i LHCh - +
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@ One clear structure but anomalously broad
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X7** states in prompt production [LHCb:2018haf]

AY is reconstructed in Af7~

b A
B - A

----Background

Candidates/ (6 MeV)
s
o

0 200
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B >, (6097)" - Ao

ﬂ--l—
+ -
S c——
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@ One clear structure but anomalously broad

e Splitting from Q" indicates that it will
be difficult to resolve.
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Ei*o states in prompt production [LHCb, PRL 124, 222001 (2020)]

c c s
g0 s A |u] + K2 n
d d u "
AF P
< T T T T T ] N
¥ . =¥%0 K~
= 7] —c
:L .
= 7 @ Four structures are clearly visible
f% ] @ More cumbersome partially-reconstructed
% N decays
§ # ] e No fifth narrow state
3 A 1
500 AN E @ The peaks are wider(!)
I\I L/ \\ ]
0 N L A’Xx& e ]
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mM(AK") - m(AZ) - m(K") [MeV]
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Z:*0 states in prompt production

c c .
0 0s | AT [u| + K~ (D)
d d

—~~ T
% 2000 .
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v :
0 b oo ae A X_\ )(gm_l_\ ol N
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MAK") - m(Ag) - m(K") [MeV]

[LHCb, PRL 124, 222001 (2020)]

Four structures are clearly visible

More cumbersome partially-reconstructed

decays

No fifth narrow state

The peaks are wider(!)

Same peak spacing as for £2:*0
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=7* states in B decays

o~ 20F
8 F —— Data
> = Eﬁlé&;ctiosq;P;lSFysideband
= + Sideban
2 15/ ... Sideband Hoxt-
o ;—Tt_)taIFit 4o i .
T pp e Seband @ from eTe™ machine [Belle:2017jrt]
@ UE
S o =0 structures in B decay
o 5k Il
3 T
Masf -

B® — AFAZ KO

2‘9 ..é..gs.....-.'"‘.s
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K°A
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=7* states in B decays

o 30F — oaa
8 E —— Total Fit
g = el 0
[ Sideband _ . .
S 0% - conmicmo e from et e~ machine [Belle:2017jrt]
T oish
2 10 o =:*0 structures in B decay
> £
W s _
i Bt — ATAZKT
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=7* states in B decays

Events/ 10 MeV/c?

n
o

E —— Data
£ — Reflection+PHSP+Sideband

-- Sideband
E — Total Fit

PHSP + Sideband

Sideband

by |

219 255 3
Mo, (GeVic?)

@ in pp collisions [LHCb:2022vns]
@ Two dominant states:

Z:(2923)% with ' = 4.8 £ 0.9 + 1.5 MeV
Z.(2939)° with [ = 11.0 + 1.9 + 7.5 MeV

@ want to interfere (both 3/277)

o from ete™

TRk
o = 0

machine [Belle:2017jrt]

**¥ structures in B decay

B® — AFAZ KO

Misha Mikhasenko (Bochum)

140 ——data
120 — total fit
- excited =0
---- non-resonant
sof 7 background

Candidates/ (3 MeV)
=
o
(=]

g epts:

2800 2850

2900
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ok —

=" states in prompt production [LHCb, PRD 103, 012004 (2021)]

AY is reconstructed in two final states: Af7~ and Afntr 7~

i + Data
400 LHCD — Full fit o+
L — Signal A+ R
[ — Background A0 € p
300 b _
N Ye T
o — K~

200

Number of candidates / 2 MeV

100 @ One clear structure but anomalously broad

00 600 700 800
M(ARK") = M(A)) [MeV]
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ok —

=" states in prompt production [LHCb, PRD 103, 012004 (2021)]

AY is reconstructed in two final states: Af7~ and Afntr 7~

w
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— Full fit 4
3\ r . T
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2 100
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%OO 600 700 800
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e

=" states in prompt production [LHCb, PRD 103, 012004 (2021)]

AY is reconstructed in two final states: Af7~ and Afntr 7~

w
[}
(=}

> =
2 L LHCb - pat
— Full fit 4
3\ r . T
- L — Signal A+ K-
g | — Background P b,
é 200 . fli, T
c Ji NS —
c Rk K
o —b
©
9]
2 100
IS
E @ One clear structure but anomalously broad

e Splitting from Q" indicates that it will
be hard to resolve.

700 — 800
M(A0K ) = M(A}) [MeV]
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2:*0 states in prompt hadroproduction [LHCb:2017uwr]

Fr— 71 1 7 [ 1.1t 1.1 1 Tt 1.7 7T+
=+ o
HC@% p
&
**0 -
QF K

@ 5 super-narrow structures

@ 1 broad structure

Candidates/ (1 MeV)

@ 3 gray components partially reconstructed
02170 2 (= 22K

A popular JP assignment:
the narrow states are A modes
3000 3100 3200 3300 in the natural order %_,%_,%_,%_,g__
n‘(:_ZK_) [MeV] [Karliner:2017kfm, Padmanath:2017Ing, Wang:2017zjw]
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2:*0 states in prompt electoproduction [Belle:2017ext]

*x0
30 Qc

' ,m ot + + -

W u.' h-llri-l"' ll'--" u.l ||| o

0 ‘ PR R
M(EK) (GeV/c?)

o four Q:*0 structures are observed in prompt

ete” - (= =k X
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Q**—

states in prompt production [LHCb:2020tqd]

@ ~ 100x smaller statistics

@ Four peaks are seen with significance > 3¢

500

Misha Mikhasenko (Bochum)

7t Lk
il II| '":.1 I ﬂll
AR

QQ: e e No fifth narrow state

b @ Do we see HQSS suppression for the first two?
> C
2 [ LHCDb +Data_
< r — Fullit The new states are
9 B I — Signals
é 0 - “i ‘ Background Qb(6315)_
g i ”,' 1 i | 2,(6330)~
s L i i . | j -
o ll, il i I | u U !:| il i) e ] 25(6340)
é B !: |l ‘ \ || "I !; IIII | lui| |I||I ||| I|l I | " ||||r| ||||||'|i| \Qb(6350)_

550 600 650 B 700
M(EK) - M(ZD) MeV]
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The first exclusive observation of Qﬁ*o [LHCb:2021ptx]
InQ, — =K 7~ decay

- lzg_ @ Strict exclusivity cut = No feed down!
Q7 b @ Same four peaks (no clear fifth)
¥ K= 7

@ -+ the threshold structure (5.30)
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The first exclusive observation of Qﬁ*o [LHCb:2021ptx]
InQ, — =K 7~ decay

- lzg_ @ Strict exclusivity cut = No feed down!
Q7 b @ Same four peaks (no clear fifth)
¥ K= 7

@ -+ the threshold structure (5.30)

% 30 F ~+ Data
E S K 7w Total ﬁto
e K h
= E K p (om0 I Non-2, background
E E(=E. DK « % Non-{2, background
£ , E K K =
= I comb. bgd 2 20
L=} o
E! 5
8 g
=
E
= 10
&)
g gt b ol
6.2 s 6.4 0 50 100 150 200
o T
m(E. K~ 7 ) [GeV] mEK ) —m . —my [MeV]
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. o p— o o 0
Angular analysis of 2, — 27%(— ZXK )™ £2:(3050)

LHCb:2021 2 100 . + D
[ : ptx] = LHCb 91b i
< — =52
= sk
5
o

@ (2.7, E¢ spin orientation are averaged

o
°

TN
@ Still spin sensitivity ’
> Spin of 2, is 1/2 il 1o .
» 2*0 cannot have spin projection > 1/2 ) — S
= non-trivial angular dependence for J = 3/2, o - ° s
J=5/2. 2.(3065)"

» No parity separation L
. . .. LHCb 9fb
o Noticeable inefficiency at cosf = 1 (soft

K-).

Candidates / 0.2

Q
2.20: J(Q(3050)°)! = 1/2

3.60: J(Q:(3065)°)! = 1/2 J




Combined spin test [LHCb:2021ptx]

30 + Data
Total fit
J # 1/ 2 (220— -N()[){Z::’0 background

% -Non—Qb background
=
2 J#1/2(3.60)
~
w0
i)
<
=
<
Z10f
O

0
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Combined spin test [LHCb:2021ptx]

30

20

Candidates / 3.5 MeV

J#1/2(2.20

~+ Data
Total fit
Non-Q,

background

B Non-2 , background

J#1/2(3.60)

Excluded by 3.60

T T T T T T T T T T T T T T g

400

300

200

Candidates / (1 MeV)

100

y 3000

Adapted from Fig. 2 of arXiv:[1703.04639]

3050 3100 3150

m(ZF K) [MeV]

to be revisited!
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Combined spin test [LHCb:2021ptx]

30 -
3/2
_ /
-
220 1/2
o™
e
7o}
L
<
<
3
Z 10
&}
0
0 50
n
m(E,. K

3/2

~+ Data

Total fit

Non-Q2, background
-Non—Slb background

5/2

150 200
—m, [MeV]

One plausible assignments

Excluded by 3.60

T T T T T T T T T T T T T T g

400

300

200

Candidates / (1 MeV)

100

y 3000

Adapted from Fig. 2 of arXiv:[1703.04639]

3050 3100 3150

m(ZF K) [MeV]

to be revisited!
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The threshold structure [LHCb:2021ptx]

30+ + Data

Total fit |

B Non©, background
I Non-©2,  background

Candidates / 3.5 MeV

Candidates/ (1 MeV)
w
2

mE. K )— m_—my [MeV]

@ Exclusive analysis: no feed down is possible

@ Other non-physical sources are excluded

3100 3200 3300 e Significance in the nominal fit is 5.30,

o M=K ) Mev] 4.30 including systematics
@ Explained in the prompt analysis

by the partially reconstructed
Q(3065)" — =K~ with
anomalously large coupling.

@ No model sensitivity due to the low statistics
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The threshold structure [LHCb:2021ptx]

30+ + Data

Total fit |
-0, backgroun

B Non0, b d
on-02,  background
Non-€,  background

Candidates / 3.5 MeV

Candidates/ (1 MeV)
w
2

mE. K )— m_—my [MeV]

@ Exclusive analysis: no feed down is possible

@ Other non-physical sources are excluded

3100 3200 3300 e Significance in the nominal fit is 5.30,

o M=K ) Mev] 4.30 including systematics
@ Explained in the prompt analysis

by the partially reconstructed
Q(3065)" — =K~ with
anomalously large coupling.

@ No model sensitivity due to the low statistics

More data is needed! J
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Further £2:*0 states from prompt production [LHCb:2023rtu]

x10°

LHCb 1
5.7 fb™ 7

(b)

'—\
>

o Confirmation of 5-peak
structure

=
N
1

@ Prominent threshold
enhancement

=
o

@ Two new structures:

> 2.(3185)° with
Fr=50+7"19

> 2:(3327)° with
[=20+513

@ Possibly 2S states s

[Karliner:20230kv] 3000

Candidates/ (5 MeV)

o N M O

3100 3200 3300 3400 3500
M(ZK") [MeV]
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Polarimetry & Al — pK 7™

February 85t 2024 19/30



What can we learn by measuring polarization of hadrons?

>26

Polarization determined from two-body final states

o A — Jip(— ptu~)pK ™ [LHCb:2015yax]
AY is prompt (unpolarized)
2D dlstrlbutlon is sensitive to P spin
Jhb — ptp~ adds sensitivity Tor PJr parity
o =0 — Jap(— pTu)pA(— pr~) [LHCb:2019aci]
Pezs in JjpA°
A° — pK~ adds sensitivity to the P.zs spin

Candidates/(0.105x0.045 GeV*)

P- 1
1""4 25 3 35 45 5 55 6 6.5 !

—? A2
T T

200 LHCH f?jtl: fit =
N be'l 4 . - .
g sdgand ] Hard to determine polarization, because three-body decay

e pentaquark searches: A9 — Af(— pK 7")D°K—

Candidates/ (2.5 MeV)
=

@ heavy-baryon spectroscopy:

By — BcKm with Bg € {A§, T3, 54, 2%}

e.g. 2, - EFK n~ with 5 — pK 7" [LHCb:2021ptx]

20 40 60 80 100 120 140 160 180 200 220
e
Misha Mikhasenko (Bochum) February 85t 2024 20/30
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Measuring polarization — polarimetry in 7 decays
[Tsai:1971vv, Kuhn:1991cc, Davier:1992nw, Kuhn:1995nn, Kuhn:1982di, Kuhn:1993ra, Hagiwara:1989fn]

Idea: similar relation for 7 lepton decays,

¢ dr -

@ P is a polarization of 7

@ his a polarimeter vector

Polarimeter vector of the 7 lepton in the SM

@ Direction depends on the final state, e.g.
for 7= — 7 v, decay, ETT P
for 7= — lv, Uy decay, h 11 py,

o Unit vector: |h| = 1.
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Measuring polarization — general multibody decays?
— Dalitz-Plot Decomposition (DPD)

Factorization of variables describing dynamics and polarization [JPAC:2019ufm]:

Tuo,{A}(¢7 97 X T) = Z Dz%o/,zy(g/)a (97 X) AI/,{/\} (7_)

14

Polarization d.o.f. A Yprod

o Euler angles in active ZYZ convention

A rest frame

ﬁQ Tprod Zdecay

@ rotation of the system as rigid body

@ polarization affects angular distribution A production plane

.. Zprod

Dynamic d.o.f. A
. A rest f
@ Mandelstam variables of the subsystems st frame P+Q—A+X
A—=B+C+D

@ describes resonances in the decay

Misha Mikhasenko (Bochum)



Dynamic d.o.f. for three-body decay
P2

73

@ For 3b decay: 2 degrees of freedom — Dalitz-plot coordinates
o (m3,, m3;) fixes orientation of the momenta
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Visualizing vector

O Ry

Q1

@ ( is a vector with respect to the decay plane
e R, is alignment rotation: who is z-axes (proton, kaon, or pion)
e numbering (p, 7", K~) vs (p, K—, 7 ") flips the plane
February 85t 2024 24 /30



NS — pK— 7t Amplitude analysis [LHCb:20225ck]

x10

2.0
LHCb

_ 1.7fh7!
=151
o
o
1.0
<
i

0.5

2 3

i

m? (pK-) [GeV?)

e Af from b, Large sample of 400k events

—6

7

Do w = ot (=]
Normalized intensity

—_

mXK-1*) [GeV?]

@ Isobar model with A, A, and K* resonances

@ Significant polarization
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N\ spectroscopy. Systematics studies [LHCb:2022sck, LHCb:2023cr]

The amplitude model is serialized and preserved, together with all 18 alternative models.

@ In python: pip install polarimetry-lc2pkpi

@ In julia: using Lc2ppiKSemileptonicModelLHCb

Plotting separately A sectors from the fit model.

Ain 1/2- sector Ain 3/2- sector

zzzzzz

500

2000

Ain 1/2+ sector

20 21 15 6 17 18 9 20 21
m(pK) [GeV] m(pK) [GeV]

o jP =1/27: A(1405), A(1670), A(1800), A(2000)
o jP =3/27: A(1520), A(1690)
o j7 =1/2%: A(1600), A(1810)

Misha Mikhasenko (Bochum)

20 21
m(pK) [GeV]

February 85t 2024 26 /30


https://compwa.github.io/polarimetry/appendix/model-serialization.html#python-package
https://github.com/mmikhasenko/Lc2ppiKSemileptonicModelLHCb.jl

Aligned polarimeter vector field in Dalitz plot coordinates [LHCb:2023crj]

1.0

IM(9,0,x,7)> =

a5 277 .- P (O}
3 N > V Ky
() |1+ Y PiRy(6,0. x)a(7) el \K, o

i,j:l 4.09 A PSS AN e~

x10-°¢

LHCb
Preliminary

intensity

A A s

NN~

0.2

LHCb  ~——weee o
Preliminary
075 100 125 150 175
050 075 100 125 150 175 m?(K—n") [GeV?Y, a,

o1 =m? (K~ n") [GeV?)
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Summary on the excitation pattern

1P multiplet of “bad” diquark — a fundamental piece of the baryon spectroscopy puzzle
@ 7 states: five \-modes and two p-modes
@ In common for =, Xp/c, Qp/c, Zpjcr Zec
@ State splittings indicate spin-orbit and “hyperfine” interaction
@ Charm (beauty) baryons are narrow — good chance to resolve it:

! Assign quantum numbers, reveal the light quark dynamics
! Identify diquark excitation for the first time

Misha Mikhasenko (Bochum) February 85t 2024 28 /30



Summary on the excitation pattern

1P multiplet of “bad” diquark — a fundamental piece of the baryon spectroscopy puzzle
@ 7 states: five \-modes and two p-modes
@ In common for =, Xp/c, Qp/c, Zpjcr Zec
@ State splittings indicate spin-orbit and “hyperfine” interaction
@ Charm (beauty) baryons are narrow — good chance to resolve it:

! Assign quantum numbers, reveal the light quark dynamics
! Identify diquark excitation for the first time

The threshold structure The fifth narrow state
o Is a state? (a partner of D4(2317)) e Why only seen in inclusive S K~
Compact / Molecular component? @ The first manifestation of the diquark
@ Present at other sectors? excitation? 2S states?
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Summary on the excitation pattern

1P multiplet of “bad” diquark — a fundamental piece of the baryon spectroscopy puzzle
@ 7 states: five \-modes and two p-modes
@ In common for =, Xp/c, Qp/c, Zpjcr Zec
@ State splittings indicate spin-orbit and “hyperfine” interaction
@ Charm (beauty) baryons are narrow — good chance to resolve it:

! Assign quantum numbers, reveal the light quark dynamics
! Identify diquark excitation for the first time

The threshold structure The fifth narrow state
o Is a state? (a partner of D4(2317)) e Why only seen in inclusive S K~
Compact / Molecular component? @ The first manifestation of the diquark
@ Present at other sectors? excitation? 2S states?

Powerful angular analysis will help resolving spin structure.
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Prospects to utilize the charm-baryon polarimetry fields

Mechanism of quark hadronization [Brambilla:2010cs, Faccioli:2010kd, Butenschoen:2012px]

BSM searches with A9 — Af¢~v
[Konig:1993wz, Dutta:2015ueb, Shivashankara:2015cta, Li:2016pdv, Li:2016pdv, Datta:2017aue,
Ray:2018hrx, DiSalvo:2018ngq, Penalva:2019rgt, Ferrillo:20190owd]

E.g. sign of longitudinal polarization of A} provides a test for left-handedness of b — ¢ current

BSM searches with measurement of EDM/MDM with charmed mesons
[Baryshevsky:2016cul, Botella:2016ksl, Fomin:20171tw]
Hadron spectroscopy, extending decay chains

v A — JpppK with S —

vV B = JppA with A — pr—

7Bt 5 ATAZKT with A7 pKort

vy = EXmT KT with =0 pKon
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Spin hypotheses testing [LHCb:2021ptx]
@ 2d Log Likelihood ratio as a test statistics t,; = * SN 1 log (15(cos 0;)/1,(cos 6;))
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Optional simplification: averaging over dynamic variables

Can the dynamic variables 7 be integrated over, i.e disregarded in the analysis?

8r da3r

3
—-— =1 PiRi' s Uy _'a
F dodeostdy — L1 2 PiRie.0.)3

ij=1
where @ is averaged aligned polarimeter vector.
Advantage / Disadvantage

+ Only need know three numbers in order to determine polarization.

— Uncertainty on P with averaged @ is worse than with the full @(7) field. [Davier:1992nw]

Misha Mikhasenko (Bochum) February 85t 2024 30/30



Understanding the polarimeter vector

Example: Af — A(1520) (— pK~ ) «*

@ of individual contributions points in z-direction
when the resonance is aligned with z
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| Preliminary

0.0

0.5 1.0 15
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Polarization sensitivity by Davier et al.
Determination of polarization is a linear problem

I(&|P) = (&) + Pg(&), where & are kinematic variables.

For the likelihood fit of the set {;}n, the error to P can be computed analytically:

1 g2
P = Pnod +0p, 0p=—~, wh 52:/ d"
mod £ 0P, 0P = oy wWhere 5p = [ g0t

Using the relations with our master formula

So :3//01&12(1"7/ //odnT

e For integrated setup, 33 =3(a2 + a2 +a2)

@ The ratio So/So gives the expected increase of the statistical uncertainty
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Workflow and an input from amplitude analysis

e Implement A — pK~ 7" models from [?] with DPD
e Compute @ for every point of the pK 7T Dalitz plot
@ Propagate uncertainties of the angular analysis

[?] provides: Present project implemented:
@ a default amplitude model @ default model and alternative models
@ several alternative models with different formulated with DPD [JPAC:2019ufm]
dynamics parametrizations @ helicity couplings have been remapped
@ parameter values with error bars for each @ guaranteed identical dynamics lineshapes
model )
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Implementation

Cross-check in two programming languages

This analysis has been performed in two languages: C@I I 'PWA

symbolic amplitude models

. T

julia Pyihon
ThreeBodyDecay. jl

Both implementations have been carefully documented on an interactive webpage/

Next slides
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https://github.com/mmikhasenko/ThreeBodyDecay.jl
https://compwa-org.rtfd.io

N

A new technique: symbolic amplitude models

: 2
+mg—s

The Python implementation follows a new workflow
that is facilitated by packages from the
ComPWA Project (compwa-org.rtfd.io):

© Formulate amplitude model symbolically
with a Computer Algebra System

@ Use that symbolic expression as template to a
computational back-end, such as a
differentiable programming framework

We selected JAX as the fastest back-end
February 85t 2024 30/30



https://compwa-org.readthedocs.io

A new technique: symbolic amplitude models  »

Advantages of this workflow:

@ Computational implementation is outsourced to fast,
optimized back-ends from the Machine Learning and
data science community

@ Out-of-the-box GPU and multi-threading support

@ Very easy to implement other parametrizations without
having to worry about performance

o CAS simplifications result in performance boosts

@ Symbolic amplitude models result in a
self-documenting workflow

Works especially well for large computational models
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Living documentation

Maintaining reproducible and understandable analysissresults

Polarimetry A; - pK T
Self-documenting workflow s...cn e cocs ..
Our analysis results are
automatically rendered as StatiC. oo
webpages from Jupyter and’ "
Pluto notebooks:

4. Polarimeter vector field
5. Uncertainties

6. Average polarimeter per resonance

[c2pkpi-polarimetry.docs.cem,gk .

(CERN SSO until on arXiy) "o

7.2. DPD angles
7.3. Phase space sample

7.4. Alignment consistency

The Python and Julia 76 Benchmaring
dependencies are pinned, so that™

7.7. Amplitude model with LS-

the analysis is fully coupings

. . 7.8.SU(2) —~ SO(3) homomorphism
reproducible in around 2 houtSume oo
8. Bibliography
9. API
9.1. amplitude

9.2. Inch

Misha Mikhasenko (Bochum)

$f 20 X i= Contents
1.1. Resonances and LS-
The full intensity of the amplitude model is obtained by summing the scheme

following aligned amplitude over all helicity values A; in the initial
state 0 and final states 1, 2, 3:

1.2. Amplitude
1.2.1. Spin-alignment
amplitude

model_choice = 0 1.2.2. Sub-system

amplitude_builder = load_model_builder( amplitudes
model_file="../data/model-definitions.yaml",
particle_definitions=particles,
model_id=model_choice,

1.3. Parameter definitions
1.3.1. Helicity coupling
values

model = amplitude_builder.formulate() 132 Non-coupling

parameters

I » Show code cell source

1/2 1/2
3 1 3 0 2 3 ¥ 0 3
D Afndin (41(1])11)::/\'\ (Clm) + Ay ndia (Cgm)’ixn.xa (<2<n) 4%,

ME-1/2 X=-1/2

Note that we simplified notation here: the amplitude indices for the
spinless states are not rendered and their corresponding Wigner-d
alignment functions are simply 1.
Generated by the CAS

-

The relevant {;(k] angles are defined as:

I » Show code cell source
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https://lc2pkpi-polarimetry.docs.cern.ch

Cross-checks

Visual comparison of the default amplitude model of [?]

7] This analysis
(binned data) (model evaluated on each Dalitz point)
x1075
) 10 & 2.0
O L6k 1.7 fb"! 8 >~ & Preliminary Z
% 4k 78 %157 2
IM “F 6 B O, 4;3
- — Py =
) 1.2E s = o 4?3
N 1:— 4 1.0 A N
0.8 < =
C 3 ~ 2 é
0.6F S
u 2 g Z.
- 0.54
02 . . 0 0 i . i
2 3 4_ ) 2 3 4
m*(pK") [GeV] m?(pK~) [GeV?]
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Cross-checks

Numerical test using code from LHCb-PAPER-2022-002

@ Comparison for a single point in phase space

» resonance lineshapes,

> helicity amplitude per resonance

@ Absolute differences at most 0.01%.

Q  Search the docs ...

Default amplitude model

Cross-check with LHCb data

Intensity distribution
Polarimeter vector field
Uncertainties
Appendix
Dynamics lineshapes
DPD angles
Phase space sample
Alignment consistency
Benchmarking

Serialization

Misha Mikhasenko (Bochum)

I 3 i Contents
Lineshape comparison
Computed Expected Difference | Amplitude comparison
production
ArD(1232)1 D(1282) “hg SymPy expressions
vy Numerical functions
A++ -0.488498+0.517710j -0.488498+0.517710j 3.11e-14 Input data
Comparison table
A+-  0.894898-0.948412) 0.894898-0.948412j 7.61e-15
A-+ 0.121490-0.128755] 0.121490-0.128755j 1.80e-14
A-- -0.222563+0.235872j -0.222563+0.235872j 6.14e-15
ducti
ArD(1232)2 Hi)r(ou‘;ztflio
A++ -0.222563+0.235872j -0.222563+0.235872j 6.14e-15
A+- -0.121490+0.128755j -0.121490+0.128755j 1.80e-14
A-+ -0.894898+0.948412] -0.894898+0.948412j 7.61e-15
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Propagation of uncertainties
. 12, p. 19]
Uncertainties over the polarimeter field have ’

two components:

Table 8: Default amplitude model measured fit parameters describing the A contributions.

Parameter Central Value Stat. Unc. Model Unc. Syst. Unc.
. ReH,' 50" —4.6 0.5 33 0.1
o ) ’ T 3.2 0.5 3.2 0.1
» parameter resampling of the default model Re (/1% 10 1 12 0

. A(1405) .
using parameter error bars mH = 20 28 Ly 37 02
. (1520)
> parameter error bars include both ReH;) zom 0.29 0.0 0.12 0.01
tat d t t . t InH A(1520) 0.04 0.05 0.12 0.02
stat. and syst. uncertainties, Rt /,ou 01 . 069 iy
added in quadrature I A720 15 0.1 13 0.0
. A(1520) =
» take RMS over the resulting o [[;\[163/]] 161644 034 065 I
parameter-resampled distributions -y /216000 m o " .
© Model: I, 0 3.1 0.5 3.7 0.1
. . Reu;;’;g ~7.0 0.5 8.7 0.1
> determined from all alternatlvg models T 158 08 00 20 .
» only central values of alternative models R Lo o3l 000 035 ~
are considered Im Hl‘};‘;“’) ~0.14 0.05 0.22 0.02
. 7, A(1670) 0

» take min-max of the extrema ReMp5y 057 010 0.46 itz
Ty 1.0 0.1 1.2 0.0
Re Hl/j‘;j‘“ -0.39 0.10 0.23 0.02
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Propagated uncertainties on the polarimeter field

We compute @()(7) over a phase space sample, with i one of the parameter resamplings
or one of the alterative amplitude models.

Uncertainties are then visualized separately, using

e vector norm: ’&(") _ gdefault

................ 0 _ s

e solid angle:
&default

. 27 10 .
6Q0) = / / d¢dcosf = 2w (1 — cos 9(’))
0 Jo

. (I) o &(i).&*default
Wlth Cose - I&'(i)”&’default -
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Propagated uncertainties on the polarimeter field
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Propagated uncertainties on the polarimeter field

Uncertainty over @ polar angle

: istical & systematic model
solid rau/é‘ﬁ M ir L ode i
= LHCb : LHCb
Preliminary Preliminary
01;4.0 c§4.0
<5} c L G
S35 2 235 <
‘M 2w ? | 2r =
3.0 = 230 §
2.51 2.5
' - - 0 ' ' ' 0
0.5 1.0 1.5 0.5 1.0 1.5
m? (K~ 77") [GeV?] Small uncertainties 81" (K~ 77) [GeV?]
vector field directions
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Averaged polarimeter vector
Defining the averaged polarimeter vector as @; = [ lpa;jd"r / [ Ipd"T, we get:

@ o= (-626+£4578) <1073,

o, = (-1—8.9 + 8.9J_r?'21.7) x 1073,  (due to interference)
@ = (-278.0+237712%) x 1073,

Ja] = (660.4+9.3%153) x1073. (~[a] x 2.35)

First uncertainty is stat.&syst (std.), second is model (extrema of alternative models).
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Averaged polarimeter vector
Defining the averaged polarimeter vector as @; = [ lpa;jd"r / [ Ipd"T, we get:

o o= (-626+4515%) <1073,

o, = (+8.9 + 8.9J_r?'21.7) x 1073,  (due to interference)
@ = (-278.0+237712%) x 1073,

Ja] = (660.4+9.3%153) x1073. (~[a] x 2.35)

First uncertainty is stat.&syst (std.), second is model (extrema of alternative models).

Spherical coordinates (less correlated resampling uncertainty):

@ = (+285.1+24.0%3]3) x 103,
0@ = (+0929+0.0024337) x 7, (small error))
6@ = (+0.955+0.045 507 x 7.
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Results availability
Justification of the 100x100 grid

&(7) and lp(7) available in grid form:

@ For propagating uncertainties: The symbolic model is easy picklable:
> grids for default model, all alternative
import pickle
models, and resampled import jax.numpy as jnp
@ Grid size in 6mpK ~ FA(1520) # COMPWA

from tensorwaves.function.sympy import create_function

@ Toy fits of P with grids of
100x100, 200x200, 500x500 # load model

o A model_description = pickle.load("Lc2pKpi-sympy-default-model.pkl™)
= negligible extra uncertainty

# substitute parameters
sympy_model = (model_description["intensity expr™]

|C2pkpi—polarimetl’y.docs.cel’n .Ch .xreplace(model_description["parameter_defaults"]))

# compile < 1s

[ &) averaged-polarimeter-vectors.json (33.7 kB) } density = create_function(sympy_model, backend="jax")

# call

‘\ &3 polarimetry-field.json (67.9 MB) ] density({"sigmal”: jnp.array([1.8, 1.1]), "sigma2": jnp.array([3.8, 3.2])})

[§) polarimetry-field.tar.gz (26.2 MB)
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https://lc2pkpi-polarimetry.docs.cern.ch

Weak decay of a fermion deflects reflects polarization
Example: A — p7— backward | forward

p
b
H)\A,Ap = <P, )\p;ﬂ'_|Tweak|Aa )\A> A _ / A Ke

2 dr 2\, ﬂ/:% :

- =14+P Arg = aP
F dcosd + Pacosf, FB=

o P = |P| polarization, for J = 1/2, there are just tree d.o.f.

@ « is the asymmetry parameter:

Appears only when both PV and PC

_ |HiP—|H_? _ _ 2Re(H:*Hy)

Q= THPFACE T T THPHHP

-wave — parity violating (PV); /-wave — parity conserving (PC):
AGP=1/2%)  p(F =1/27) 7 (F =0")
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Weak decay of a fermion deflects reflects polarization
Example: A — p7— backward | forward

p
b
H)\A,Ap = <P, )\p;ﬂ'_|Tweak|Aa )\A> A _ / A Ke

2 dr 2\, ﬂ/:% :

- =14+P Arg = aP
F dcosd + Pacosf, FB=

o P = |P| polarization, for J = 1/2, there are just tree d.o.f.

@ « is the asymmetry parameter: If we know «, we can measure P

Appears only when both PV and PC

_ |HiP—|H_? _ _ 2Re(H:*Hy)

Q= THPFACE T T THPHHP

-wave — parity violating (PV); /-wave — parity conserving (PC):
AGP=1/2%)  p(F =1/27) 7 (F =0")
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Model-agnostic representation of the decay rate

Using the SU(2) — SO(3) homomorphism, we get our polarized master formula,

|M(¢797X7T)|2 = IO(T) (1 + Z PiRU(¢76;X)aj(T)) )

ij=1
where
@ Io(7) is the unpolarized intensity
e R(¢,0,x) = Rz(¢)Ry(0)Rz(x) defines the
decay plane orientation.
@ «(7) is the aligned polarimeter vector field,

&(T) = Z Ai/7{/\}0_",,/’,/Ay,{)\} / I0(7') .
v v {\}

It is specific for the decay, does not depend on the production mechanism.
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Model-agnostic representation of the decay rate

Using the SU(2) — SO(3) homomorphism, we get our polarized master formula,

‘M(¢79>X77—)|2 - /0(7—) (1 + i P"Rij(d)a()aX)aj(T)) )

ij=1

where Determini —
i etermining polarization

@ Io(7) is the unpolarized intensity This study e
provide Io(7) and a(7)

e R(¢,0,x) = Rz(¢)Ry(0)Rz(x) defines the 5
decay plane orientation. > meas;ure |M(,0,x,7)|
@ «a(7) is the aligned polarimeter vector field, Q get P from fit

52(7') = Z Ai/7{/\}0_",,/’,/Ay,{)\} / Io(T) .
v v {\}

It is specific for the decay, does not depend on the production mechanism.
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