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Motivation of cC—=>¢¢ angular analysis

e Angular analysis of b-hadron=>cc—=>¢ (= K'K’)¢ (= K*'K’) provide a powerful tool to study:

o Polarization ratios (|HIongitu dinall IHiansversel) ©F %o and y o

o Partial wave ratios
o Discriminate between cC—¢¢ decay models
o Get information about inner structure of cC states

BESIII
| Ho,1|
0 _ poata X Wy = |H ‘
=pacd \
D DY loop g "
3P =DD loop o
0 |H, | T
QCD T = TEal = m
P [Hoy o
0% 03 035 04 04 o:s| F?.:]Is/s| Fg!:is 07 08 05 1 i1 12 1.?’::‘1[1;4“::':'.5 8
T T T T T T T 8
W — [Hy, 1] oy — [Hy X N
0 _0 2 ™ THoy| 4= [Hoyl ( «®
D" D loop . o , ,
3P XCZ - © 1 b
0 &(Pa, A2) O(P2, A2)
PQCD -
; 2 4||=f_1|/||=§o| 02 TRS) SATRSRITES T o‘fFf1|°79|F:0|1 Phys. Rev. D88 (2013) 034025
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https://journals.aps.org/prd/pdf/10.1103/PhysRevD.88.034025
https://arxiv.org/pdf/2102.07104
https://arxiv.org/pdf/2301.12922

Introduction

e Process considered: b-hadron=cc=¢(= K*'K')¢ (= K*'K)

e Angular observables:
o 60,,0,- polar angles between kaons and the direction of ¢ mesons
o Ag - is a sum of two azimuthal angles between kaons planes and ¢ mesons planes
o All calculated from the 4-momenta of the kaon candidates

b/A¢=¢1 + @2
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https://arxiv.org/pdf/2007.05501

Amplitude model and Helicity matrix JHEP 07 (2024) 092

e Decay Amplitude is constructed considering parity conservation and permutation symmetry

Ay (01,02, A¢) = % > v H;\fw\z d}\ho (91)d3\2,o(92)6’“¢ ?
A1,A2
H’ . is a Helicity matrix f

A,A2
dJA,O(e) are Wigner d-functions y D
)\1, )\2 are helicity states of the ¢ mesons

o wvis a difference between ¢ mesons helicities, while kaon helicities are 0
e Helicity matrix contain helicity couplings a,b,c,d

o O O

o Naturality:
_ J
€ = P(_l) b a c
o  Signum: H=1sa d esa | = ZCLSHLS
sc €ea ¢€b L5
s = (—1)’
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Symmetry constraints and partial waves

L
0 s-wave
1 p-wave

2 d-wave

2n-2
(2n-2)" = (2n-1) 2n° 2n-1 S
‘CIJD
o
2n° (2n+1)  (2n+2) 2n+1 :
2n+2

All allowed JP states can be divided into four groups (with special cases) highlighted with different colors
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Properties of the analyzed states

S, S, L
1 1 2* 0 s-wave
1 p-wave

2 d-wave

3 f-wave

4 g-wave

e All the states considered in the analysis are spreaded across first five partial waves

e J/yand h_are not accessible since they are prohibited by the symmetry constraints
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Properties of the analyzed states

s, S, S=0 S=1 S=2 L
1 1 Yep- 2" 0 s-wave
1 p-wave
2 d-wave
3 f-wave
4 g-wave
® 7,n/(2S) JP=0", special case of Group IV = 1 helicity coupling
® 1. JP=0", special case of Group | = 2 helicity couplings
® JP=1", special case of Group Il = 1 helicity coupling
® Y JP=2* Group | = 4 helicity couplings, the most complicated case
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Angular functions of 3D intensity

e Using amplitude, intensity can be represented in the simple way as:

2 6
I(91a02aA¢) — E |AV(91a027A¢)|2 = Zcz’fi

basis functions, f;

9sin®(6,) sin®(6,) sin*(A¢) /2

sin(6y) sin(#y) cos(6;) cos(bs) cos(Ag)
9sin?(#;) sin®(6;) cos?(Ag) /4
3sin*(6)/2 \-\(\9‘5
3sin®(6,)/2 M\

| \,\e\'\

S Ot W NN | .
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Mass dependencies —

KKe
4000 | e KKKK

* 2Dfits fo extract sWeights 240 independent fits in bins

e Mass distribution produced based on
the fitted yields
o Less combinatorial background
o J/y peak removed

3000 |

2000 [

Weighted Events / 5 MeV

1000

. : : GeV/c?
e Angular distributions are fitted in each [ ]
mass bll‘.] | oo | M [ e o A
e Accounting for the sWeights 3 : + . i 1
0 003 £l f 0.03 | i
. . . < 1 1
r— H Zk wy) - I(cos 63 ,cos 63,A¢";c) % J Cout l T
w?) Wi Ssratest2cates) 3| o -
. it Unweighte oor |k
® C mass dependenc:les are extracted 1 L
(C6 is fixed to 1 due to normalization) it ki , B . . .
) " cosh | A¢
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Mass fit

e Signal: RBW x Gauss

e Background:

(1+ camyg + azm(z/xb) exp(—mgpy /T)

e Assumption:
no interference
with background

e Fit quality:
o ndf =222
o y*ndf=1.068

llya Segal

4000 r

3000 r

Events / 5 MeV

2000

1000

Total
n,
Xr:[)
X(’,]
Xr'2

n.(2S)

—— Background
® Data

Pull
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Angular fit

e Fractions are fixed from the mass fit e Fit parameters:
o Contributions of non-minimal partial
e Bin-to-bin fluctuations due to 3D intensity waves
fits with sWeights o Linear background parameters

e Fit quality: ndf = 1131, ¥*/ndf = 1.176

1.0 T T T 2 4 T
QF 0.8 —_— y(m) E
06 F & Data 3
04 F . i ! \] E
: E 3
02 1 7 R f T3 1 e i . I it ! L 4 :l i
4 PE Ty i I iy iy { e n.(29) i
3.00 3.25 3.50 3.75 4.00
5.0 T T T T
= s 1
= 25 Wl il o ! o & Lo b oog i i Bk L
a0 s gt B g IIIIHIIHI%HII Iiiﬁiliiwﬁnim byl yhityghrggitt R i IIIIIHHI;IIEIII Wt gy gy gt i IIHH Frgteg, B byt AR g I;Iﬂiii Lt i} I}if
—5.0 L 1 L .

3.00 3.25 3.50 3.75 4.0
m,, [GeV]
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Pull

Pull

Angular fit

e Fractions are fixed from the mass fit

e Bin-to-bin fluctuations due to 3D intensity

fits with sWeights

Fit quality: ndf = 1131, */ndf = 1.176
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Pull

Pull

Angular fit

e Fractions are fixed from the mass fit

e Bin-to-bin fluctuations due to 3D intensity o

fits with sWeights

e Fit quality: ndf = 1131, ¥*/ndf = 1.176
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Charmonia polarization ratios

XCO: r —
Wy —

Wyqg =

|Hi1|
|H0,0|
|Ho1|

|Hoo|
|Hi 1|

|Ho |
|Hii|
|Hoo|

1o
ld]

la|
ld|
lel

o dl

16
d|

= 0.043 £ 0.0291t 10 150

= 1.37 £ 0.06 5441
= 1.79 £ 0.205¢4¢

= 0.71 £ 0.06 544+

Systematic uncertainties are yet to be

assessed

Overall good agreement with BESII|
Tension with BESIII for y_, ratio to be
understood
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pQCD |
BESIII |
LHCDb !

loop |
3P0 i
pQCD |
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Summary and next steps

e Angular analysis of b-hadron=>cC—¢¢ decay is performed
e ¢ coefficients are used to characterize angular distributions and PW decomposition
e Polarization and PW ratios are computed for y and y -
e X2VV analysis framework is developed and used

Next steps:

Estimate systematic uncertainties for ¢¢ analysis
Move forward towards publication

Continue with the investigation of J/yJ/y case
Later technique to be applied for CEP analyses

Thank you for the attention !
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Backup slides

llya Segal Angular analysis of X=>VV systems DPG Erlangen 2026, 18" March 2026 [ RUB

BOCHUM



Data selection

e Follow-up on the LHCb-PAPER-2025-058
which is soon going to 2CWC

e Datais kindly provided Particle Variable DenQO/tation Requirement
Kaons Track quality x°/ndf <3
by Raoul Henderson and Sergey Barsuk Momentam p. MeV/e € [3000; 200000]
Transverse momentum pr, MeV/e All: > 150,

e LHCbRun2(~5.9fb") at least 3: > 250,
e Online selection (triggers, stripping) S S
through StrippingCcbar2PhiPhiLine Pseudorapidity 0 € 2 5]

Impact parameter Yo > 4.0
e Offline selections: Basic identification PIDK >0
NN identification ProbNNK > 0.2
o Vertex quality x?%/ndf <9
Transverse momentum pr, MeV/c > 800
Invariant mass Mg+, MeV/c? € [1002;1038]
oo Vertex quality x?/ndf <9
Invariant mass My, MeV/c? € [2800; 4000]
Pseudorapidity n € [2;5]
Flight distance quality e > 9
Pseudo-z time of flight t., ps > 0.3

llya Segal Angular analysis of X=>VV systems DPG Erlangen 2026, 18" March 2026 S
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https://lbfence.cern.ch/alcm/analysis/details/5410

Background subtraction

2D Model:

F(my,m2) = NggS1(m1)S2(ms)
+ Nyxk S1(m1)Ba(ms)

+ NgggBi(mi1)Sa(m2))

+ N i Bi1(mi)Bz(ms2)
Signal: RBW x Gauss
Background:/m — 2mg

m(¢¢): 240 bins (5 MeV/c? width)
Fit parameters:

o Yields (fractions)
O ¢ meson mass
o Resolution ¢

Per event 2D sWeights are calculated

llya Segal

m:1 Projection - 2D PDF Components (2990-2995 MeV

Pull Density [Events/MeV]
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o
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—200
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m:z Projection - 2D PDF Components (2990-2995 MeV
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m(K K ) |MeV/e?]
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Angular functions

e Using amplitude, intensity can be calculated in the simple way:

2
1(61,05,A8) = 3 |4, (61,05, Ag)[

v=—2
e Integrating over angles one can get angular distributions of intensity:
o For azimuthal angle: For polar angles:
I(A¢) = 1+ Bcos(2A9) I(cosf;) =1+ C3c0s220i—1, i=1,2
3 ~B g
— —- I =
S B=O 05 F ~
p=0.1 $01
—B=05 —— =05

0.0 L ) ) ) . . . 0.0 7 H %
-1.0 -0.5 0.0 0.5 1.0

|
w

|
~

|
—
o
—

)

w
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B and { definition

2¢|b|*
4a|”+2[b|* +2lc|* +|d|*

® Groupl, 2n+
® Groupll, 2n-
Group IV, (2n+1)+
Group Ill, (2n+1)-

B =

¢ = —2|b>—2|c|*+2|al*+2|d|*
4lal*+2[b]* +2|c|*+|d|”
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B and { definition

2 p
2€|b’ 1.0 Group I, 2n+
/B — 2 2 2 2 o
) Group I, 2n-
4al”+2[b["+2[c|"+|d| X Group IV, (2n+1)+
0 6(} Group lll, (2n+1)-
2 2 2 2
¢ = 2202l +2lal +2id X
o 2 2 2 2
4|al”+2[b]"+2[c|"+|d| 02
-1.0 -0.5 0.5 1.0 1.5 2.0
—0.2 * 0+, (LS)=(2,2) ¢
B 0+ (L5S)=(0,0)
Y v Group |, 2n+, (L,S)=(2n,2)
Group I, 2n+, (L,S)=(2n-2,2)
B -os6 . Group |, 2n+, (L,S)=(2n+2,2)
Group |, 2n+, (L,S)=(2n,0)
—0.8 Group Il, 2n-, (L,S)=(2n-1,1)
Group I, 2n-, (L,S)=(2n+1,1)
* Group IV, (2n+1)+, (L,S)=(2n,2)
-1.0 Group IV, (2n+1)+, (L,S)=(2n+2,2)
Group lll, (2n+1)-, (L,S)=(2n+1,1)

0-, (L,S)=(1,1)
1+, (L,S)=(2,2)
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B and { definition

p
2€|b’2 1.0 Group I, 2n+
/B — 5 5 5 5 0+
Group I, 2n-
4]a|*+2[b|"+2|c|"+|d] 2° Group IV, (2n+1)+
0 6“ Group I, (2n+1)-
2 2 2 2
¢ = —2|b|” —2[c|"+2la|"+2[d| 0.4 N
o 2 2 2 2
4|a|*+2[b|" +2|c|”+]|d| 0.2
-1.0 -0.5 0.5 1.0 1.5 2.0
—0.2 * 0+, (LS)=(2,2) ¢
O - & (L,IS)2=(O,0()L S)=(2n,2)
S y roup I, 2n+, (L,S)=(2n,
H = E : CLs HLS A Group I, 2n+, (L,S)=(2n-2,2)
LS B -os6 . Group |, 2n+, (L,S)=(2n+2,2)
Group |, 2n+, (L,S)=(2n,0)
—0.8 Group Il, 2n-, (L,S)=(2n-1,1)
' Group I, 2n-, (L,S)=(2n+1,1)
g Group IV, (2n+1)+, (L,S)=(2n,2)
* -1.0 Group IV, (2n+1)+, (L,S)=(2n+2,2)
Group lll, (2n+1)-, (L,S)=(2n+1,1)

0-, (L,S)=(1,1)
1+, (L,S)=(2,2)
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Angular fit

e Fractions are fixed from the mass fit
e Significant bin-to-bin fluctuations
e Fit quality: ndf = 469, y*/ndf = 3.192

e Fit parameters:
o Contributions of non-minimal partial waves
o Linear background parameters

. 0 3.2 3.4 3.6 _ gg 3.0 -
" w % ﬁ#ﬁ&ﬁwﬁ%mm ﬁ@@s@% iy < %ﬂﬂﬂﬂwm mﬁw 5 ﬂi* #ﬂs&a o "xﬁﬁ'\@f 4
~5.0 mw GoV] o m¢w [GeV]
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Angular functions of 3D intensity (possible values of c))

e Using amplitude, intensity can be represented in the simple way:

2 6
I(91a02aA¢) — Z |AI/(91a027A¢)|2 = Zcz’fi

v=—2 =1

Case (J") Couplings €,S C1 Co Cs ca(=c5) cg
Group I (2n*) a,b,c,d 1,1 [=1,0] [—%, —%J [—2,4] [-6,1.5] [0,9]
Group II (2n7) a,b(c,d=0) -1,1 [0,1] [—4.5,0] [-2,0] [0, 1.5] 0
Group III ((2n+1)") a (b,c,d=0) 1,-1 0 —4.5 —2 1.5 0
Group IV (2n+1)") a,c (b,d=0) -1,-1 0 0, 4.5] [—2,1] [0, 1.5] 0
Special cases

0+ bd(a,c=0) 1,1 [-1,0 [-% % 24 [-60 [09
0~ bilayed=0) —1,1 1 0 0 0 0
1T a(bc,d=0) -1,-1 0 4.5 —2 1.5 0

llya Segal Angular analysis of X=>VV systems



Systematic uncertainties

e Systematic uncertainties are yet to be estimated during the WG review
e |eading uncertainty is expected to be due to the background model
in the angular fit

e Other systematic uncertainties under consideration due to:

o Interference effects

o The choice of signal lineshape and resolution function

o Acceptance correction

o Binning

o Real couplings in the angular fit
e Robustness checks:

o Background subtraction with s\Weights

o Split data by year, magnet polarity, etc.
e Most of these uncertainties are expected to be negligible
e Should be assessed by repeating analysis procedures with different fits, methods, etc.
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Partial waves decomposition

e Partial wave decomposition:

H=> crsHrgs
s

e Expression for the PW ratios:

B(X_>VVL1 —wave) L ‘CLl.S'l |2
B(X=VViywae)  |eg,s,|”
e Measured PW ratios: B(Xeo PP wave) el

(for the first time) B(Xeo—PPs—wave) =2.7+£0.6 £ XXX

oo |
B(XCZ_)QSQSd—wave) . |C22|2+|620|2 L
B(x 00, wune) — = 0.007 £ 0.003 &+ XXX

|co2 |
B(Xc2_>¢¢g—wa.ve) o |C42[2 o
B(xa—9%swme) el 0.011 4+ 0.002 + XXX,

e Statistical uncertainties for the y_, are still under the investigation
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Mass fit parameters

1.00

Parameter Value  Uncertainty
my,, GeV/c? 2.9825 0.0002
On., GEV/c? 0.0890 0.0024

1 - GeV/cz 3.4135 0.0007
Oxoss GeV/c? 0.1149 0.0042
My, GeV/c2 3.5109 0.0005
O+ GeV/c? 0.0996 0.0027
W0 GeV/c? 3.5562 0.0004
By GeV/c? 0.0909 0.0002
My, (25), GeV/02 3.6365 0.0012
One(25)s GeV/c?2  0.1029 0.0021

Thike 0.9545 0.0390
1 bkg 0.0396 0.1701

2 bkg -0.0550 0.0364

T 0.1437 0.0015

Fxeo 0.0174 0.0008

fre 0128 (0005 R e A O I SRR IR R C
Joo 0.0114 0.0004 \
fn.(29) 0.0070 0.0005
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Angular fit parameters (3D Intensity)

Helicity couplings / Background parameters

Te (0_) b 1 "
Xeo (07) b —0.043 0.038
d fixed -
Xcl (1+) d 1 -
Xe 29 a 1.446 0.248
b 0.738 0.279
c 1.930 0.545
d fixed -
ne (25) (07) b 1 -
Background Linear: ko + ky(m — 3.5)
kg —0.013 0.004
kit (slope) —0.033 0.011
kg —0.257 0.052
k? (slope) —0.140 0.113
kg? 0.229 0.024
ki (slope)  0.409 0.054
s —0.537  0.026
ki* (slope)y —0.728 0.057
kgt 1.856 0.030
ki (slope)  1.085 0.066

llya Segal Angular analysis of X=>VV systems
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e Corrected log-likelihood:

:(w; I(cos 01 ,cos 0y,A¢;c;

oL S, X >
> (w?) I 4(cos 61,cos 02,A¢;c;)

e NLL:

—log L = — g:((z;; 1>, w; log I(cos 6y, cos by, Ag; c;) — log(Z?=1 Ajc;)]

e Non-zero acceptance constants are used to correct
1 (7)
A= %21

e Calculated based on simulation data
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Symmetry constraints and partial waves

S=s,-s, S=(s,-s,)*1 S=(s,*s,) L
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Symmetry constraints and partial waves

S=0 S=1 S=2 L
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Symmetry constraints and partial waves

S=0 S=1 S=2 L
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Symmetry constraints and partial waves

s, S=0
1 0
1
2
3

llya Segal

S=1
1
1 2
2 3 0 1
3 4 1 2
J=L+8

Angular analysis of X=>VV systems

S=2 L

2 0
1 2 3 1
2 3 4 2
3 4 S) 3
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Symmetry constraints and partial waves

s, S=0

1 0*
1-
o+
3

llya Segal

S=1
1+
0 1- 2
s 2+ 3* 0* s
2 3 4 1 2
P=(-1)t
_>
— — —
J—L+5 si, J L
_>
S =5 +s5

Angular analysis of X=>VV systems

S=2 L

2" 0
1 2 3 1
27 3* 47 2
3 4 S} 3
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Symmetry constraints and partial waves

s, S, S=0 S=1 S=2 L
1= 1 0* 1* 2" 0 s-wave
1 0) 1 2 1 2 3 1 p-wave
2" (N 2" 3* o* (N A 3* 47 2 d-wave
3 2 3 4 1 2 3 4 5 3 f-wave
2n* | 2n-1)*  2n"  (2n+1)" | (2n-2)" (2n-1)"  2n*  (2n+1)" (2n+2)" | 2n n=2.3.4.
(2n+1) | 2n (2n+1)  (2n+2) | (2n-1)  2n"  (2n+1) (2n+2) (2n+3) | 2n+1

n] S|
I
2] =)

%
+8 8
_|_—)

S2

llya Segal Angular analysis of X=>VV systems DPG Erlangen 2026, 18" March 2026 [ RUB
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Symmetry constraints and partial waves

s, S, S=0 S=1 S=2 L
1= 1 0* 1* 2" 0 s-wave
1 0) 1 2 1 2 3 1 p-wave
2" (N 2" 3* o* (N A 3* 47 2 d-wave
3 2 3 4 1 2 3 4 5 3 f-wave
2n* | 2n-1)*  2n"  (2n+1)" | (2n-2)" (2n-1)"  2n*  (2n+1)" (2n+2)" | 2n n=2.3.4.
(2n+1) | 2n (2n+1)  (2n+2) | (2n-1)  2n"  (2n+1) (2n+2) (2n+3) | 2n+1

¢¢ is a symmetric system, only states of symmetric (even) or antisymmetric (odd) LS are allowed
- = = - 7=
+ S S1 J L 3_2> I
P =(-1)

Vv X Vv
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Symmetry constraints and partial waves

S S=0
1= 1 0*
4-
o+
2

2n*

2r+

0+
4_.

(2n-2)*

1+
2.

(2n-1)*

S=2
o+
+ Zz 3
27 3* 47
3 4 5
2n* (2n+1)"  (2n+2)*

—

3
2n

2n+1

s-wave
p-wave
d-wave

f-wave

n=2,3,4,

¢¢ is a symmetric system, only states of symmetric (even) or antisymmetric (odd) LS are allowed

llya Segal

S=1
4
0 1- >
4+ o+ 3*
> 3 &
2" 2/ 2y
o (2n+1)y  (2n+2)
J_T+8 =
§=3+3
v

J

=
L

\Y

Angular analysis of X=>VV systems

_>

P=(-1)*
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Symmetry constraints and partial waves

s, s, | S=0 S=1 =2 -
- . o 0 s-wave
N . . 1 p-wave
o 0* 1* 2* 3" 4* 2 d-wave
> 3- 4- 3 f-wave
on' (2n-2)" (2n-1)" 20" (@2n+1)" (2n42)" | 20 55,
2n" (2n+1) (2n+2) 2

¢¢ is a symmetric system, only states of symmetric (even) or antisymmetric (odd) LS are allowed
- = = - 7=
+ S S1 J L 3_2> I
P =(-1)

Vv X Vv
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Symmetry constraints and partial waves of cC—¢¢

s, S, S=0 S=1 S=2 L
1= 1 0* 2" 0 s-wave
0 1 2 1 p-wave
2" o* 1" 2" 37 47 2  d-wave
(2n-2)* (2n-4)"  (2n-3)"* (2n-2)" (2n-1)* 2n* 2n-2
(2n-2)  (2n-1) 2n 2n-1 3
2n* (2n-2)"  (2n-1)* 2n* (2n+1)*  (2n+2)* | 2n :g
2n"  (2n+1)  (2n+2) 2n+1 :
(2n+2)* 2n* (2n+1)"  (2n+2)* (2n+3)" (2n+4)" | 2n+2

All possible appearances of the certain JP happens over 5 different waves and divided into 4 groups
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Symmetry constraints and partial waves of cC—¢¢

s, S, S=0 S=1 S=2 L
1= 1 0* 2" 0 s-wave
0 1 2 1 p-wave
2" o* 1" 2" 37 47 2 d-wave
(2n-2)"* (2n-4)"  (2n-3)*  (2n-2)*  (2n-1)* - 2n-2
(2n-2)  (2n-1)  2m 1 5
(2n-2)*  (2n-1)* - (2n+1)*  (2n+2)* | 2n g
2n (2n+1)  (2n+2) 2n+1 :
(2n+2)* - (2n+1)*  (2n+2)*  (2n+3)"  (2n+4)* | 2n+2
Group | (even and natural): (L,S)=(2n-2,2),(2n,0),(2n,2),(2n+2,2) = 4 helicity couplings: H: = (Z Z ‘Z)
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Symmetry constraints and partial waves of cC—¢¢

s, S, S=0 S=1 S=2 L
1= 1 0* 2" 0 s-wave
0 1 2 1 p-wave
2" o* 1" 2" 37 47 2  d-wave

(2n-2)* (2n-4)*  (2n-3)"  (2n-2)* (2n-1)* - 2n-2

(2n-2)  (2n-1) 2n-1
(2n-2)*  (2n-1)* -(2n+1) (2n+2)* | 2n

(2n+1)  (2n+2) 2n+1

(2n+2)* - (2n+1)*  (2n+2)* (2n+3)"  (2n+4)* | 2n+2
b

Group Il (even and unnatural): (L,S)=(2n-1,1),(2n+1,1) = 2 helicity couplings: Hi = (a —a)

—a —b

u

' ‘Q‘V‘g
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Symmetry constraints and partial waves of cC—¢¢

s, S, S=0 S=1 S=2 L
1= 1 0* 2" 0 s-wave
0 1 2 1 p-wave
2" o* 1" 2" 37 47 2  d-wave

(2n-2)* (2n-4)*  (2n-3)"  (2n-2)* (2n-1)* - 2n-2

(2n-2)  (2n-1) 2n-1
(2n-2)*  (2n-1)* -(2n+1) (2n+2)* | 2n

(2n+2) 2n+1

(2n+2)* - (2n+1)*  (2n+2)* (2n+3)"  (2n+4)* | 2n+2

Group Il (odd and natural): (L,S)=(2n+1,1) = 1 helicity coupling: Hu: = (—a —a)

a

u

' ‘Q‘V‘g
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Symmetry constraints and partial waves of cC—¢¢

s, S, S=0 S=1 S=2 L
1= 1 0* 2" 0 s-wave
0 1 2 1 p-wave
2" o* 1" 2" 37 47 2  d-wave

(2n-2)* (2n-4)*  (2n-3)"  (2n-2)* (2n-1)* - 2n-2

(2n-2)  (2n-1) 2n-1
(2n-2)*  (2n-1)* - 2n+1)*  (2n+2)* | 2n

(2n+2) 2n+1

(2n+2)* - (2n+1)*  (2n+2)* (2n+3)" (2n+4)* | 2n+2

Group IV (odd and unnatural): (L,S)=(2n,2),(2n+2,2) = 2 helicity couplings: Hr = (—a a)

—C —a

u

' ‘Q‘V‘S
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Symmetry constraints and partial waves of cC—¢¢

s, S, S=0 S=1 S=2 L
1= 1 2" 0 s-wave
0 1 2 1 p-wave
2" 1" 2" 37 47 2  d-wave

(2n-2)* (2n-4)*  (2n-3)"  (2n-2)* (2n-1)* - 2n-2
(2n-2)  (2n-1) 2n-1
(2n-2)"  (2n-1)* - @2n+1)" (2n+2)* | 2n

(2n+2) 2n+1

- (2n+1)*  (2n+2)* (2n+3)" (2n+4)* | 2n+2

b
0" is a special case in Group I: (L,S)=22},(0,0),§6:2),(2,2) = 2 helicity couplings: a=c=0, H, = ( d )
b

u

' ‘Q‘V‘g

(2n+2)*

llya Segal Angular analysis of X=>VV systems DPG Erlangen 2026, 18" March 2026 ’JEZJ‘ERS.TAT RUB



Symmetry constraints and partial waves of cC—¢¢

s, S, S=0 S=1 S=2 L
1= 1 2" 0 s-wave
1 2 1 p-wave
2" 1" 2" 37 47 2  d-wave

(2n-2)* (2n-4)*  (2n-3)"  (2n-2)* (2n-1)* - 2n-2
(2n-2)  (2n-1) 2n-1
(2n-2)"  (2n-1)* - @2n+1)" (2n+2)* | 2n

(2n+2) 2n+1

- (2n+1)*  (2n+2)* (2n+3)" (2n+4)* | 2n+2

b
0" is a special case in Group ll: (L,S)=44,(1,1) = 1 helicity couplings: a=0, H, = ( )
—b

u

' ‘Q‘V‘g

(2n+2)*
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Symmetry constraints and partial waves of cC—¢¢

s, S, S=0 S=1 S=2 L
1= 1 2" 0 s-wave
1 2 1 p-wave

(2n-2)* (2n-4)*  (2n-3)"  (2n-2)* (2n-1)* - 2n-2
(2n-2)  (2n-1) 2n-1
(2n-2)"  (2n-1)* - @2n+1)" (2n+2)* | 2n

(2n+2) 2n+1

- (2n+1)*  (2n+2)* (2n+3)" (2n+4)* | 2n+2

1" is a special case in Group IV: (L,S)=¢6:2},(2,2) = 1 helicity couplings: c=0, H; = (—a a)

u

' ‘Q‘V‘g

(2n+2)*
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Symmetry constraints and partial waves of cC—¢¢

All other JPs can be divided into groups accordingly
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L
0 s-wave
1 p-wave
2 d-wave
2n-2
(2n-2)" = (2n-1) 2n° 2n-1 S
‘(IAI>
o
2n° (2n+1)  (2n+2) 2n+1 :
2n+2
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