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Motivation BES]]I

« The charmoniumlike iso-vector resonances T,z (3900/3885)*(%) T,.-(4020/4025)*(® are observed at BESIIL.
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* Many theoretical explanations have been proposed.

* More experimental information is needed. :



Motivation B'ES]]I

e The spin and parity of T, (3900)7 are determined as 17 with significance >7.5¢ at BESIII.

N 400 o 500 ,
S —.+_— ___________ S 430 PRL 119, 072001 (2017)
Y e s e R O 35
E 2 e Z 300
> LE----- T g 250
w 250 000 .. L 200 o .

. A -2

-=0Q - 150 i R
Z(X) _:0 -=a0* ('(1) 100 -1 * (})) --------

50
150 0l J
0.0 0.2 0.4 0.6 0.8 1 0.0 0.2 0.4 0.6 08 1.0
|cos(62§)| |cos(B J,w)l
: + .

67, : Polar angle of T;¢; (3900)~ 0;y : Helicity angle of J /Y

What is the /¥ quantum number of T,z(4020/4025)?

T:(4020)  r16ro)=1+(2™) | From PDG
\ J

PDG naming: Z,(3900/3885) = T,z (3900), Z.(4020/4025) = T.-(4020)




Otlvatlon Production mechanism BES m
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BESII

Multi-channel joint analysis for T,.(4020)

Decay mechanism

Investigate the |
decay property of T.z(4020),
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Data Samples BESIT

[Three Channels: e*e™ » DD n*, n*n~ ]/, n*nh, ]

— _ /

PRL 112, 132001 (2014) PRL 118, 092001 (2017) PRL 111, 242001 (2013)

* For D*°D*~m™": Double-tag method is used, details in Appendix. ¥ The charge conjugated
DOD* gt > [Dono(y)][ﬁoﬂ_]nJ’ channels are implied.

----------------------------------------------------------------------------------------------------------------------------------------------------------------------------
]
* -

s« For m* ™ J /i: Full reconstruction method is used.
: J/p - (L=ew

« For m*m™ h,: Full reconstruction method is used.
h. = YN, 1, =16 channels

*
*

Ne = pp, 2" n7), 2KYK™), n'n” K*K™, nn" pp, 3(n"n7), 2(n"n" )KTK™, KgK*nTL, KgK*n Fatn,

K(S)K*ﬂ?L, KgKiﬂ Fatn, KYK 7%, ppn®, K*Kn, ntnn, 2(x*n ), nta 22" and 2(xt 7 )n°

 Keep the balance of integrated luminosity and 3-body cross sections of ete™ - D*°D* nt, ntn~J /Y, nt nh,.

Two datasets: /s = 4.395 GeV, Li,¢ = 508.18 pb™1; /s = 4.416 GeV, Lipe = 1090.70 pb~1. 6
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Helicity Amplitude

« Full procedure uses helicity amplitude formalism!*! based on TE-PWA package.
For decay: A[ (spin)], (parity)n]] — B [sp,np] + C [sq 1]

The decay amplitudes are given by: A{\B,;\C (0, p; M) ,{,;j;\B_;\C (¢, 9, O)H;{B,AC

* A, Aq: Helicity of the daughter particle B and C.

* 0, ¢: Corresponding helicity angles.
* M: Z-projection of spin-J.
: Wigner-D function. [D],(¢,6,0) = e~@® d]  (6)]

* H: Helicity-coupling amplitude.

In the LS-coupling scheme, we use the Chung’s formula [*]:
1

} 2L +1\2 .
Hppe = us (LO S8 | J8)spp sc—Ac ISSILBY(r, 7o, d)
LS

2] +1
* g;s: Coupling constants (complex), free parameters, determined by fitting.

[1] Phys. Rev. D 78, 074027 (2008)

CM frame



https://tf-pwa.readthedocs.io/en/latest/index.html
https://tf-pwa.readthedocs.io/en/latest/index.html
https://tf-pwa.readthedocs.io/en/latest/index.html

Propagator BES]]I

Resonance f(1370)/f,(1270) is parametrized by relativistic Breit-Wigner function!! .

Resonance g for E791 type[z]:

R(m) fe(m) = [1— M
m) = JTy(m) = |1 - ,
m2 —m? + imly(m)’ * m?2
£,(980) i ized by the Flatte-formulal3! R(m) !
1S parametrize the Flatte-tormula‘>-: m) = ,
0 P Y m2 —m§ + i[g1ppr(M) + g2pxr(M)]
p(s) = —=, the k is the center of mass momentum of the m or K in the resonance rest frame. The g; and

g, are couphng strength, which fixed to the BESII results [3]. (g,/91 = 4.45)

If assuming T,z (3900) is dominated by the decay to 7/ /i and DD*, it also can be parametrized by the Flatte-formula:
1
m2 —m§ + i[g1pnj (M) + g3pp+5(M)]

R(m) =

p(s) = —=, the k is the center of mass momentum of the 7 or D in the T,z rest frame, and g; and g, are

couphng strength, which fixed to the BESIII results [4]. (g,/g; = 27.1)

For non-resonance (NR): BW(m) =1

[1] Phys. Lett. B 607, 243 (2005) [3] PLB 598, 149 (2004) 10
[2] Phys. Rev. Lett. 86, 770 (2001)  [4] PRL 119, 072001 (2017)



Propagator BES]]I

« For T,=(4020)", to take into consideration of multi-channel, its line-shape with Breit-Wigner is defined as!l:
1

R(m) = m?2 — M? 4+ im[Ipop+(m) + F]/¢n(m) + icﬂ(m) + Tx(m)]

[prop-(m), I} jpr(m) , Ty (M) and Iy (m) :
the T,+(4020) partial decay width for D*°D*~, J /ym , h.m and missing decays, respectively.

e They are calculated with the standard formula for two-body decays :

1 2 .. :
[(m) = o Z | H{B,Kc % Helicity amplitude: H{B»AC = H(g;s)
}‘B!}\C
v |p|: the momentum magnitude of final state. v Z : the average is taken over spin—J.
i|p| will be used for below threshold events. ABAc

* For missing decay, the sum of helicity amplitude, Hy, is assumed as a constant, determined in the fit.
Momentum dependence: i/ /1 mode.

» To further constrain the coupling parameters used in calculation of I'(m). Extended likelihood method!*! is used.

[1] Phys. Rev. D 94, 114019 (2016).
[*] In Appendix

11



Fit Method BES]]I

* Four-vector momentum as input : x; = (p1, P2, P3)

Y JAnOe Al

* The signal probability density function can be written as: Ay s Ar0(s)
- A, Ny NP,
p® = e(x)|A(x)|?, A]? = R *,g,)\l_ [ A7 Ay Ay )

2
Z |AH(A'Y*7A’Y)| .
L Ay*s Ay

The extended negative log likelihood (NLL) is formed using the background subtraction method:

Naata Noks Ndata — NokgWhk
. ’. o ata
—InL, = —« E In p((leztam — thg E In ])}()ng — normalization factor: a = 2 =

The p will converge to the signal events in each channel, where u = NLZI.VMC (d—a) *Ling €+ B - Vpysp(X 2)

mc “=1 \ao/;

v' -In L is minimized by MINUIT.

* Fitting data to obtain the complex parameters c¢; and g;s. H{B e = z JLs ( ) (LO S8 | J8)(spAg Sc—Ac |S8)YLB] (1,19, d)

* The fit fraction (FF) of each intermediate resonance is calculated by:

2 /
[14;1*do 2 icpusp |49 | . 1A+ AP a0

FF; = 2 & 2° Fij= 2 166y
Il Zk Akl do ZjGPHSP | Zk Ak(xj) | Il Zk Akl do

1

12



Baseline Solution

BESII

A

» Test baseline solution based on the significance.

- D**D* ¢+ = T,-(4020)"7*, D*D,(2420), NRD*°

] [ = Tee(4020) ¥, Tee1 (3900) 1k, o) /1, £5,(980)] /b, £o(1370)] /1), f,(1270)] /4

(T T )s wave = 0 + f0(980) + f5(1370)

_ ntn~h, = T,:(4020)*nt, oh,, f,(980)A,

(ﬂ+77_)5 wave = 0 t fo (980)
 Simultaneously fit on /s = 4.395,4.416 GeV.

* The shared parameters between two energy points are decaying g; s.

A= Ae+e‘—>TC_E1r+ - R(T¢e) 'ATC_E—>X

* The insignificant processes will be considered in studying of the systematic uncertainty.

13
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Fit Result at /s = 4.395 GeV BESII
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Fit Result at /s = 4.416 GeV

BESII
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BESII

Fit Result

 Statistic uncertainty only

T.:(4020)* - D*°D*~(c.c)] = FF(Tzn*) in D*°D* "t - 65, _

ete -»D*p*nt4c.c.

N\

B
O¢+e= T 2(4020) "t +c.c. Br|

Simultaneously Fit Vs =4.395 GeV | /s = 4.416 GeV (From PRL 130, 121901)
D°D* FF(Tzmt") (%) 75.1 + 4.3 61.4 + 4.6
FR(T ™) (% 44+ 1.4 51+ 1.5
7T+1T_]/II) (c_c +)( 0)
FR(Tzrt*) (%) 44+ 1.4 51+ 1.5
FF(T}m™) (%) 35.0 + 6.4 33.5 + 4.7
tn h, -
FR(T ") (%) 35.0 + 6.4 33.5+ 4.7
O%pody - BT[T:(4020)* > D*°D*~(c.c.)]| (pb) 335.2 + 21.0 336.4 + 25.7
O3body * B[Tcc(4020)* — ] /1] (pb) 11403 1.4+03
0%poay - BT[T:(4020)* > w*h] (pb) 30.4 + 4.5 29.6 + 3.3

* The relative branching fractions of T.z(4020)* combing two datasets (weighted by yields) :

Br[T,:(4020)%* - D**D*~(c.c.)]: Br[T.s(4020)* - n%]/y]: Br[T.-(4020)* —» w*h,.] = 1.000(48) : 0.004(1) : 0.090(8)

16



Pole solution B'ES]]I

* Eight poles on Riemann-sheets:

1 2 |p|
R(m) = _ L J Pl
(m) m? — M? + im[Iprope(m) + I}y (M) + T}y (M) + Tx ()] ['(m) 81 Z |H}\B:7\C| m?2

Imag. (p) = (J/Y, he, D7)
Pole Mol (MeV/c?) Tpole (MeV) Imag.(p)

4022.44 +£1.55 38544294 (—, —, —

4023.01 +£1.35 35.02+2.20 (—, +, —)
4029.39 £0.86  0.03 £15.66 (—, +, +)
4029.87 = 0.95 2.854+14.56 (—, —, +)

4022.44+1.55 —-38.54+2.94 (—, —, —)
4023.01 £1.35 —-35.024+2.20 (—, +, —)
4029.39 £0.86 —0.03 £ 15.66 (—, +, +)
4029.87 £0.95 —2.85+14.56 (—, —, +)

00 ~1 O U = WD =

PRL 129, 192001 (2022)
17



J¥ Hypothesis Test BESII

y* o aTe(1- =07 JP) : JP # 07

* Conservation of spin and parity:
Tee > mhe (JF—>071%) = JP#0°

e Only:JP=1%1",2%2".
Two hypotheses:

 H, stands the T,z(4020)~ component in data only includes J¥ =17/ 2%/ 2.
* H, stands the T,z(4020) " component in data includes J° = 17/ 2%/ 2~ but adding a more component with J* = 17,

---------------------------------------------------------------------------------------------------------------

\ Using two hypotheses to fit data.

: Checking the significance for J® = 17 over the J¥ =17/ 2%/ 2",

*
---------------------------------------------------------------------------------------------------------------

Table 1. Significance to distinguish the T,-(4020)~quantum number 1*over other quantum numbers.

Hy H, A(—2In L) A(ndof) Statistical significance
only 1~ 1~ with additional 17 409.2 23 18.00
only 27 27 with additional 17 435.4 23 18.70
only 27 2~ with additional 1T 329.4 23 15.80
only 17 17 with additional 1~ 27.8 21 1.50
only 17 1" with additional 2 30.2 23 1.50

only 17 1% with additional 2~ 56.4 25 3.60 18




Systematic Uncertainty

BESII

Part 1. Uncertainties from input cross section

Part 1 1s used in the cross section measurement for two body process.

Part 2. Uncertainties from PWA Fit

Table 1. The relative systematic uncertainties (%) of FFs in
different T,.-(4020)~ decay channels.

Data set 4.395 GeV 4.416 GeV
Decay mode D*D*" = J/y 7 he D*D*" 7 J/Y 7 he
T S-wave 1.0 19.0 0.4 0.8 12.3 2.0
Background 0.7 80 6.6 0.4 6.8 6.3
Fit model 7.0 20.0 123 3.5 16.5 3.5
Tcz1(3900) propagator 0.1 134 2.5 0.9 12.0 3.7
Other BW parameters 1.2 29.9 123 1.9 28.0 118
Fit strategy 2.5 8.2 2.5 1.3 10.7 0.2
Total 7.6 44.3  19.0 4.4 38.9 144

Table 2. The absolute systematic uncertainties of the pole mass (mpge, in
MeV/c?) and width (Tye1e, in MeV) for the T,:(4020)~ state.

Pole 1 Pole 2 Pole 3 Pole4
Source Mpole I‘pole Mpole I‘pole Mypole I‘pole Mpole l—‘pole
T S-wave 0.38 0.77 0.29 0.51 0.08 1.95 0.00 1.83
Background 0.05 0.17 0.06 0.21 0.10 0.08 0.09 0.05
Fit model 0.40 1.09 0.18 1.60 0.79 7.04 0.55 1.07
T.z(3900) propagator 0.03 1.08 0.14 0.52 0.38 5.57 0.53 5.16
Other BW parameters 0.36 1.43 0.28 1.23 0.70 10.98 0.70 9.15
Fit strategy 1.07 1.33 0.86 0.80 0.09 9.07 0.14 8.49
Mass resolution - 137 - 137 - 1.37 - 1.37
Total 1.26 295 098 2.68 1.13 17.00 1.05 13.74

19



J¥ Hypothesis Test

BESII

* Considering the systematic uncertainties from PWA Fit.

Two hypotheses:

* H, stands the T.z(4020)~ component in data only includes J© =17/ 2%/ 2™,

* H, stands the T,z(4020)~ component in data includes J® = 17/ 2%/ 27 but adding a more component with J¥ = 17,

---------------------------------------------------------------------------------------------------------------

---------------------------------------------------------------------------------------------------------------

Table 1. Confidence levels of H; hypothesis versus H, hypothesis for the T.-(4020)~ spin-parity assignments.

Source 1Tover 1~ over 27 1Tover 2~ 1 over over 1T 2 7 over 17
Default 18.00 18.70 15.80 1.50 1.5 3.60
7trT S-wave 18.70 19.20 18.30 0.50 0.0 3.90
Background 17.20 17.80 15.70 1.60 1.40 3.80

[ Fit model | 17.20 18.50 3.10 0.50 3.90
Tez1(3900) B 17.80 18.80 15.40 1.90 2.00 3.20
Others BW patameters 17.50 18.70 15.40 1.1o 1.60 3.70

\

Perform Toy MC test when consider this.

20



Events / 50

Toy MC test

BESII

Generate two Toy MC samples, repeating 500 times (Poisson sampling).

a. MC is based on fit result with 1*model.
b. MC is based on fit result with 1™ model.

Fit the same MC sample, repeating 1000 times.
a. MC is fitted with 1*model.
b. MC is fitted with 1™ model.
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Summary

BESII

 Multi-channel joint analysis of the exotic charmonium-like state T,z(4020) at /s = 4.395 and 4.416 GeV.

e Determine spin-parity of T, (4020), J¥ = 1t with > 11.7¢

» Relative decay BF of T,z (4020)~

Br[T.-(4020)~ - 7~ ] /1]/Br[T.s,(4020)~ - D**D*~] = (3.6 + 0.6 + 1.6) x 1073

Br[T.s(4020)~ - 1w~ h.|/Br[T.s(4020)~ > D*°D*"] = (8.9 + 1.3 + 2.3) X 102

* Pole mass and width

Thanks for your attention!

22



BESII

Backup

23



Data Samples BESIT

Data samples|/s (GeV)|Integrated luminosity (pb™")
4400 4.395 508.18
4420 4.416 1090.70

For signal MC samples
3-body processes --- PHSP model --- Cross section lineshapes measured in previous works.

For background MC samples
Hadrons productions, bhabha productions, continuum process ete™ — yy, uu and 17...

24



Determine Baseline Solution

BESII

*  We first consider all possible processes into the fitting for each channel.

Roundl Round?2 Round3 Round4
(Physical)
Z.(4020) "7 (35.1 o) | Z(4020) x Z.(4020)" Z.(4020) " 7
D*D|(2420) (9.3 0) | D*D(2420) D*D,(242 )) *D1(2420)
Z:(3900)7, 7% (9.90) | Z(3900)7,,7F Z,(3900)7,, 7" Z:(3900)7,,7*
(75+77_ )S-wu\'eJ/w (14.3 o) (JT+JT_)S-W;L\'6J/w (JT T )S-we l\e«]/w (JT+7T_)S-W¢1\'6J/¢’
Ll 450) | LJ/Y HJy fd g
%8’9999%# (2_4_6-_} (JT+7T_)S—WLL\'@/1(' (JT+7T_ )S—wu\'eh(' (JT+7T_)S—wu\'c/7('
(T T ) )swavehe (4.7 0) | NR2-D* NR2-D* NR2-D*

NRO~D* NRO~D*Y

NR 1 —D>:<O

(NR)
NRO~D*0 (6.60) | NRO- D™ (6.60) -
NR1-D*0 (6.50) | NR1-D** (6.50) | NR1-D* (5.607)
NR2-D*0 (9.30) - -
NR2*D*0 (4.50) | NR2*D*" (4.50) | NR2*D* (3.60) | NR2*D*Y (1.50)

* The spin and parity of Z.(3900) and Z.(4020) are assigned at J* = 17.

* The baseline solutions for other spin-parity i.e. J¥ = 17,2%,27 are also checked.

> All of them can reach the same conclusion: data sets favor 17Z.(4020).
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(m™m~) Swave BESII

Nominal result 30MeV 35MeV A0MeV
8 F¥bata T T T T T T T & -';-bat'a"""""'-&;":l+-ba'ta"""' ]
3 100 __- Background __ 3 100_—-44_—'_,. und __ S 100 L ja:»--j;';u'w;;‘.""'a. _
% [ —Total fit """, g | —Totalfit " ™, | § | — Total fit + K 1
= | — T(4020)% o — T(4020)3% + = :—Tct(4020)??r . :
o - : i To) - : 1 o© I : 1
L 50F—(n'm), 2 Y 41 L 50}—('n) iJ 1 L gob—rm) 1 ]
P ‘—f2(1270):J/\| P :—f2(1270)l:/ ,- 1 > [ —f,(1270)J1 ]
c . c I ; | € i 1
) ] ) ) - 1
T ~ il | o AL 13 f _
03 3B 4 0 0
M(J!y r*) (GeV/c?) M(J!/y *) (GeV/c?)

(n+n )Swave
1001 7*7J/y @ Vs = 4.416 GeV, 30MeV  —

100 x*zzJ/w@VE 4416GeV 35MeV n

Events / (30.0 MeV/c?)
3
Events / (40.0 MeV/c?)

3 3.5 4




Integrated Partial Width BESII

1
R(m) = —————
m? — M? + im[Iprop—(m) + I} jyyr— (M) + [}y _g-(m) + Ix(m)]
1 2 |p|
_ ]
[(m) = 8T z |H7\B.7\c| m2
I = Aozt P - IBWI - [Az Ly |7dQ ApAc
Qoo -0
E s —m+
- f/ T W P IBWOnE Wz - llpld
threshold; mTTTTTITTTIII
E('rm'_mzr"' 11 f— O 4097 + O 2050
= f Acte ozt - IBWm)P - Colli(m)| - m” - |gldm L+L+I+I -
threshold,;
L
=0.0022 + 0.0011
L+L+1L+]1y
Ecms—m_+
= At msgmnt 2IBW )P ColT, (m)]| - m? - | qldim L
threshold; =0.0433 + 0.0179
L+L+1+1
x =0.5447 + 0.2164
L+L+L+1, -

I: I,: I; = 1.000(500) : 0.005(4) : 0.106(68) -



Momentum dependence BESIT

* Ip|
m2’

TC__E—}*X?;
A1.A2

| —
I'x.(m) = @ZAL)\Q H

TABLE I. Comparison of the different momentum assumptions on the missing decay.

Momentum dependence|Momentum [p|( GeV /c)|Fitting (> |H.|*)||p|- (O |H.|?) Br(X)
m J/ 0.815 9.5 £ 3.7 7.7+£3.0 ]0.530+0.222
7 he 0.453 17.3£6.7 7.8+3.0 ]0.536+0.224
w1 (3686) 0.300 26.5+ 104 8.0+3.1 |0.538+0.226
(DD*)~ 0.552 14.2£5.5 79+3.1 ]0.528+0.223
Non (set |p| =1) 1.000 7.64+2.9 7.64+29 0.542+£0.210
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