Feasibility Study of Z¢c(3900) and

Zcs(398)5) in pp with the PANDA
Detector

Ali YILMAZ & Haluk DENIZLI PANDA Collaboration Meet ing 23/1 March 6-10, 2023



Intro

* The charmonium like state * The Zcs(3985)- was observed
Zc+(3900) was observed by the in 1—J/Y invariant mass
BESIII [1] and Belle [2] distribution in the study of
collaborations in the r=J/Y e+e— — m+1n-J/P at BESIII and
invariant mass spectrum of ete- Belle experiments /M. Ablikim et
-1+ at \/s=4.26 GeV in 2013 al., C. Z. Yuan et al. ].
and then confirmed by CLEO-c
collaboration in the same e [1] M. Ablikim et al. (BESIII Collaboration), Phys. Rev. Lett.

126, 102001 (2021)

process at s \/s=4.17 GeV [3],
which makes Zc¢(3900) the first
confirmed charged charmonium
like state.

* [1] M. Ablikim et al. (BESIII Collaboration), Phys. Rev. Lett.
110, 252001 (2013).

* [2] Z.Q. Liu et al. (Belle Collaboration), Phys. Rev. Lett. 110,
252002 (2013); 111, 019901(E) (2013).

* [3]T. Xiao, S. Dobbs, A. Tomaradze, and K. K. Seth, Phys.
Lett. B 727, 366 (2013).
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Event Generation
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Reconstruction

Production and Reco:

e Simulation of transport through the detector

. . Using FairSoft / FairRoot /
PandaRoot :

. . Using FairSoft / FairRoot / PandaRoot

* Jransport and reconstruction of particles is done with the PandaRoot
framework

* Follow the decay tree

e Best PID algorithm is used (MuonBestPlus for u+,...)



Analysis

Reconst. Final States efficiencies
 Used decay pattern recognition and “best” particle identification (PID)

 Reconstructed FS: u~, u" ", n~, ™ * Reconstructed FS: u™, u, K™, K™
Particle type e[%] Particle type ¢[%] Particle type ¢[%] Particle type ¢[%]
U+ 05 47 o+ 89 48 ot 99.84 e+ 90.8
L 94.19 e- 85.41 | 94.12 e 82.36
T+ 83 46 T+ 83.34 K+ 1.2 K+ 76.95
T 79 07 T 78.89 K- 79.39 K- 79.16
pp —~{ZeGI0ORr~, (Zc (3900)* — Iy, Uy — uu ) o0 — [, Z(3900)" - Jiynt, iy —Ea) pp — K~ Z,(3985) (Z,(3985)" — K*Jly),(Jly = pu¥u ) pp — K |Z(3985)7,(Z.,(3985)" — K*Jiy), (Jly Siete)
Particle type g[%0] Particle type ¢[%] Particle type ¢[%] Particle type ¢[%]
L+ 96.61 e+ 89.64 L+ 94.91 e+ 82.74
- 94.11 e- 85.32 ol 94.15 e- 82.43
T+ 78.77 T+ 78.57 K+ 80.86 K+ 80.78
i 83.39 TT- 83.2 | K 75.61 K- 75.4

~

)

pp — K Z,(3985)|(Z.,(3985)" — K~J/w),Uly — [lFAD) pp — K*Z,,(3985)7| (Z.,(3985)" = K Jiy), Iy —|e¥e

5p — R =, (Z c (3900) — Jiyn~, Uiy — ) pp — Ze(3900) 7", (Zc(3900)™ — J/ya™, 1y —|ete])




Analysis

Reconstruction of FS: u+

u* from J/p full MC sample u* from JAp full MC sample

3 10

PANDA

1C simulation

PANDA

MC simulation

pt [GeV/c]/0.01
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MC simulation : " CoL L ' ' 30000 MC simulation a -4.84569¢+06 = 7.56994¢+04 C simulation

. LI . . ' 1 Const 581.75 = 5.22

mean  -0.000415128 = 0.000024531

sigma 0.0115762 = 0.0000564

pt [GeV/c]/0.01

——-—

25 3 3.5 0 -0.1 -0.08-0.06 -0.04-0.02 0 0.02 0.04 0.06 0.08 0.1 7 8 9 10
0 [rad] / 0.01 (p"*°-pM°)/pM° / 0.008 pVC [GeV/c] / 0.01

pt [GeV/c]/0.01

10
pz [GeV/c] /0.1




Analysis

Reconstruction of FS: u+

ptvs pz

u* from J/y full MC sample
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momentum resolution vs. momentum for u*

17129.9 = 50.3 x1 O_3

11021.6 /74

-2541.98 = 422.50
a -8.86872e+06 + 4.22229e+04
Const 521.652 = 2.355
mean  -0.000257738 + 0.000020008

sigma 0.0081116 + 0.0000353
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Analysis

Momentum Resolutions

Reconstructed FS: ™, u~, 7", 7~

Particle type  dp/p [%] Particle type  dp/p [%]
. 1.158 e+ 1.426
. 1.154 e- 1.403
Tt 1.138 T+ 1.146
- 1.1360 - 1.134 :.
pp —|Ze(3900)T 2™, (Zc (3900)" — Jiyz™, Iy — ptul) pp — ZeB900) ™, (Zc(3900)* — J/yxt,(Jly —ete)) |
Particle type  dp/p [%] Particle type dp/p [%0]
U+ 1.167 e+ 1.447
- 1.155 e- 1.435
T+ 1.123 T+ 1.121
e 15152 TT- 1.151
pp = ZeB900) 7t (Zc(3900)™ — Jiya~, (Ily —utud)) pp — Zc(3900)T 7, (Zc(3900)™ — Jlyn~, (Jly = eteD)

Particle type dp/p [%0]

L+
L-

K+
K-

0.8109
0.8095
0.7916
0.8464

pp — K| Z.(3985)"]

(2,,(3985)" = K*J1yr), Iy — o)

Particle type dp/p [%]

L+
-

K+
K-

0.8257
0.7994
0.8447
0.783

Bp — K*Z,(3985)")

(Z.4(3985)" — K~ Jly), Uy > u*p”)]

Reconstructed FS: ", u~, K™, K~
J

Particle type dp/p [%]

e+ 0.6003
e- 0.482

K+ 0.4194
K- 0.3626

pp — K 1Z,(3985)1, (Z.,(3985) — K*Jiw), Uy — e*e™))

[

Particle type dp/p [%]

e+ 1.209
e 1.223
K+ 0.8424
K- 0.7857

pp — K*Z,(3985)7, (Z,,(3985)" — K~Jiy), Iy — ete”))




Analysis

Reconstruction of Resonance State : J/y

. Invariant mass cuton u*u~ (e"e™) to select J/w cands My,
(3.0969 + 0.5) GeV/c?

 Perform RhoDecay TreeFitter fit

» Select candidate with DecayTree fit prob > 0.0



Analysis

Resonance States: J/y
 Reconstructed: efficiency

Particle type  £[%] Particle type  ¢[%]

J/Y 67.29 J/IV 30.44

pp _>|‘zc(3900)+

pp — Ze(3900)H 77, (Zc(3900)T — J/ya*,(J 1y — ptu7)) =, (Zc(3900)* = Jiyat,(Jly —|ete

Particle type  ¢/%] Particle type  ¢[%)]

J/Y 67.26 J/Y 30.47

pp — Zc(3900) |7, (Zc(3900)” — Jlyn™,(J/y —ju"pu”))  pp —>1Z*C(3900):L7+, (Zc(3900)™ = J/ya—, (JIy —|ete

Particle type

e[%0]

Particle type e[%0]

J/Y

67.37

J/Y 27.97

pp — KT Z,.(3985)",

(Z..(3985)t - K*Jly), Iy —>lutu) pp = K1 Z.(3985)*(Z.(3985)" = K*Jly), (JIy —|ete”
CcS 1 _]— CS CS L

)

Particle type turu

e[%0]

‘ J/Y

67.24

pp — K1 Z.(3985)
pp | Z:4(3985)]

(Z,((3985)" — K~J1y). (Jly > p*p

)

Particle type e[%0]

J/Y 27.94

s ‘ N = i [ R
pp - szfse%sﬂ (Z.(3985)" — K~J1y), (Jly —| e*e

)

S




Analysis

Resonance States: J/y
 Reconstructed: m, chi2, prob

m full MC sample m full MC sample
X 10 ;

Jpsi_full_MC_m 3 Jpsi_full_MC_m
"(L) 2000 & Entries 2000000 x10
£2000 FBANDA
o 1800 MC simulation Mean 3.007

StdDev  0.000182 1800 F MC simulation

Entries 1980000
Mean 3.097
Std Dev  0.0001819

Underflow 0 Underflow 0

decayTreeFitted: probability distribution for J/y decayTreeFitted: probability distribution for J/y
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Analysis

Resonance States: Momentum Distributions
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decayTreeFitted: p vs 0 for J/p with decayTreeFitWithVix4c cuts

1961.68 /94

7054.63 = 61.91

ﬁA N DA -4845.84 + 279.58

. . a -3.33499e+06 + 4.77099e+04
MC simulation e e

L 1
PANDA

MC simulation

PANDA

MC simulation Const 538.929 = 2.991
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sigma 0.0103217 + 0.0000371
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Analysis

Resonance States: Momentum Distributions

» Reconstructed: J/is

JAp from Zcs(3985)" full MC sample
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Analysis

Reconst. Resonance States: J/i
 Reconstructed: Momentum Resolution

Particletype  dp/p[%]  Particle type D [ 7o)

Particle type  dp/p[%] Particle type  dp/p[%]

J/Y 1.032 J/Y 1.336 J/Y 0.6985 J/Y 1.145

—————— ] F

pp — Zc(3900)%|77, (Zc(3900)" —» J/yx*, (J/ly — Eyjﬁj) pp —>iZ ¢(3900)|7~, (Zc(3900)* — J/y ™, (Jly —»lefe )| pp — KJ[ Z,(3985)1, (Z,,(3985)" — K*J/w), Iy - p*u])) PP — KT ch(3985)“J,(ZCS(3985)+ — K*Jly), Uly —|eteT))

Particle type dp/p[%] Particle type  dp/p[%] ' Particle type dp/p [%] Particle type dp/p [%]

JIw 1.028 JIw 1.365 JIw 0.6956  J/W 1.126

eyl

) | Bp — K1Z,(3985)7|(2,,(3985)" — K~JIy),(Jlw — p*u) pp — KT ch(3985)‘]»1 (Z,,(3985)" — K~Jly), Jly — e*e)

pp — LZCT(39OO)_-!JZ'+, (Zc(3900)” = J/wa~,(J ]y —>!L,u+,bﬁ)) pp —>$ZC(3900)_#+, (Zc(3900)™ — Jiyzn~,(Jly —lete”




AnalySiS pa = 3.09690 GeV/c2

Reconst. Resonance States: J/y
 Reconstructed: m, mDiff

voigtFit:: decayTreeFitted: Mass distribution for J/p with decayTree cuts
Entries 1333832

Mean 3.093

| U)
Std Dev 0.07089
Entries 1345745 C1 4000 PA N DA 2/ n:f

1846.96 / 228
Mean 3.093 ‘ MC simulation

voigtFit:: decayTreeFitted: Mass distribution for JAp with decayTree cuts

30566.6 + 13.7

14000 ﬁAN DA Std Dev 0.06589 | O‘] 2000 oteiE e 113

_ . x2 / ndf 1119.87 /228 3334.56 = 2.55
MC simulation

12000 479588 = 0.0 | 10000 Const 23839 = 27.7

-310919 = 0.0

width 0.0853739 + 0.0001516
50165.2 = 0.8 ‘ 8000 mean 3.0968 + 0.0000

1 OOOO Const 25997.2 = 0.0

width 0.0975498 + 0.0001529

8000 mean 3.09746 + 0.00004 | 6000
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O ——
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— — M [GeV/c?] / 0.0012
8.8 2.9 : 3.2 3.3 3.4

decayTreeFitted: mass resolution for J/y with decayTreeFitWithVix4c cuts

M [GeV/CZ] /0001 2 W %2 188.429 /34

6060.3 = 90.3

132.021 /94 , C25000 PAN DA | 1215.3 = 841.0

a -1.08785e+07 + 2.82855e+05
MC simulation
5562.28 + 134.38

‘ Const 246.639 = 2.178
0)24000 . 2036.32 + 138.74 ‘

C22000 PANDA J o .565746-05 = 1575376~

MC simulation ~345736 = 14122.1 f sigma 0.00513856 + 0.00002879

020000 | Const 1468.2 = 17.9
1 8000 , mean  -0.00153815 + 0.00006623
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sigma 0.0329164 + 0.0001853
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0 Mreoo - My [GEV/C?]
-0.2 -0.15 -0.1 -0.05 0 0.05 0.1 0.15 0.2

(m**-mM°) I VoigtFit:: quadratic Background + relativistic BW



Analysis

Reconst. Resonance States:

« Combine J/yand «

» Mass cut with window 11,390 : [3.8872 + 0.5] | Mass cut with window 717 39gs) * [3.9825 +
- 0.5] GeV/c?

GeV/c2

 Perform RhoDecay TreeFitter fit

» Select candidate with DecayTree fit prob > 0.01



Analysis

Reconst. Resonance States
 Reconstructed: efficiency

Particle type e [%] Particle type ¢ [%]

45.87 19.98

Z¢c(3900) Z¢c(3900)

pp = Zc(B900)!7 ™, (Zc(3900)" — J/yat,(J/y —utu))

Particle type e [%0] Particle type ¢ [%]

45.94 20.02

Zc(3900) Zc(3900)

Bp — Ze(B3900)7 7+, (Z¢(3900)" — J/ya~, (U ly —|ptu )

pp —>3ZC(3900)_J+, (Zc(3900)" - J/yr—,(Jly _)[)Le-'_e_‘))

pp —>iZc(3900)+7z_,(ZC(3900)+ - Jlyr*,(Jy —>§_e+e‘>) 1

Particle type

e[%0]

Particle type e[%0]

Zcs(3985)

45.44

Zcs(3985) 18.31

pp — K \Z.(3985)"

,(Z,4(3985)" — K*Jly), (JIyr — u*p”

) pp — K~ Z3985)" (Z,,(3985)t — K*Jly),(JIy —|ete

)

Particle type

e[%0]

Particle type e[%0]

Zcs(3985)

44.31

Zcs(3985) 17.88

pp — K'|Z,(3985)"

(Z,,(3985)" — K~J1w), (Jly — ¥

) pp— K+Z0(B983)}, (Z..(3985)" — K-Jiw), Uty — [BFE




Analysis

Reconst. Resonance States

e Reconstructed: momentum distributions

Zc*(3900) MCT full sample

0.8 —

PANDA
0.7 MC simulation
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decayTreeFitted: p vs 0 for Zc(3900)* with decayTreeFitWithVix4c cuts

o.5 L PANDA

MC simulation

p [GeV/c]/0.01

5
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
0 [rad] / 0.001

Zc(3900)*: Ap/p

PANDA

MC simulation

Zc(3900)*: Ap/p

x107°
PANDA

MC simulation

0

PANDA

820000 MC simulation

0
-0.1 -0.08 -0.06 -0.04 -0.02 O

1167.35/94

4104.09 = 35.26

-5738.16 = 213.51

a -1.87284e+06 + 2.77922e+04
Const 417.61+1.77
mean -0.00040166 = 0.00001980

sigma 0.00995432 + 0.00003065

0.02 0.04 0.06 0.08 0.1
(p"°°-pMC)/pMC 1 0.008



Analysis

Reconst. Resonance States
e Reconstructed: momentum distributions

Zcs(3985)" MCT full sample

1.6 —
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1.4 MC simulation
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decayTreeFitted: pt vs pz for Zcs(3985)" with decayTreeFitWithVix4c cuts
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Const 417.61+1.77
mean -0.00040166 + 0.00001980

sigma 0.00995432 = 0.00003065
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(p"°°-pMC)/pMC 1 0.008



Analysis

Reconst. Resonance States:
* Reconstructed: momentum resolutions

Particle type  dp/p [%] Particle type dp/p[%]

Zc(3900) 0.9954 Zc(3900) 1.299

pp —ZeB900) 17, (Zc (39000t — iy, Iy — u i)

pp — Ze(3900)r~, (Zc(3900)* — J/ya*, Iy — et

Particle type dp/p[%] Particle type  dp/p [%]

Zc(3900) 0.9976 Zc(3900) 1.293

pp — ﬁ»Zvc»’f@gOO)_’Jﬁ, (Zc(3900)™ = Jlyn—,(J/y =\ pu7))  bp —>§Zc(3900)iizz+, (Zc(3900)~ = Jiyn~,(JIy —leteT))

Particle type

dp/p [%0]

Particle type dp/p [%0]

Zcs(3985)

0.7922

Zcs(3985) 0.7892

Ry

(Z,(3985)" — K*J/y), Iy — ptu

) pp — K7 ch(3985)‘!, (Z..(3985)" — K~Jly), Jly — utu)

N

Particle type

dp/p [%]

Particle type dp/p [%]

| Zcs(3985)

1.174

Zcs(3985) 1.177

| Pp -~ K

| (Z.,(3985)* — K*JIw), (Jly — e*e’

) pp — KJhT ch(3985){ (Z,,(3985)" — K™ Jly), (JIy —|ee”




An a Iys i S M Zes(3985)evtpdl - [3.9825] GeV/c2

| FZCS(3985)th'pdl : [0.0128] GeV/c2
Reconst. Resonance States |
e Reconstructed: m, mDiff *

voigtFit:: decayTreeFitted: Mass distribution for Zc*(3900) with decayTreeFitWithVix4c cuts

513698
voigtFit:: decayTreeFitted: Mass distribution for Zcs(3985)* with decayTreeFitWithVix4c cuts
3.885

2 14000F — " 0.04208 549353
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2840.33 + 183.95 decayTreeFitted: mass resolution for Zcs(3985)* with decayTreeFitWithVix4c cuts
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sigma 0.0162925 + 0.0005786 222.33 = 0.88

an  0.000112535 = 0.000040977

0.0150803 = 0.0000531
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VoigtFit:: quadratic Background + relativistic BW
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C

(3900)evt.pdl - [0.0282] (.;eV/C2



AnaIySiS * 30 million events were generated with Dual Parton [Vlodel (DPM)

 Same analysis strategy applied to background events
Background

* no event out of 30 million survived after the applied cuts.

* The non-observation of any background events corresponds to a 90% confidence upper limit of 2.3 events.
(means reco eff, €, = 2.3 - 1075

10° 10 107 i 108 10° 10 101

| Pra (GeV/ey = B — c O = 4.4 £ 1.4] pb from

e 0, = [22.0 £ 1.0] pb from Ref.[1] Ref.[3] @ V's = 4.681 GeV

e at a beam momentum of
15 GeV/c, the inelastic

cross section is 0y, = 40
mb Ref.[2].

! ------- melastic------- ARt Db bbb bbbt [ S cEREL L L EELED Fremmmmmnne e

e at a beam momentum of 8.54 GeV/c,
the Inelastic cross section Is

Opre = 43 mb Ref.[2].
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* The branching ratio of J/psi is set to 100% during event generation. To correct this value for the following calculations, the

branching ratio Br;, = Bry,, = 5.961 for the J/psi decay in the decay tree is taken into account. gen .
Scaling factoris o — e o
. s . 8
Signal-to-Background ratio is defined as  Signal significance is defined as N;f/f; ' Ogig * BT
S Gsig e €sig . Brsig q Nsig 1] M. Ablikim et al. (BESIII Collaboration). Phys. Rev. Lett. 119, 072001 (2017)

g R 2] https://pdg.lbl.gov/2022/hadronic-xsections/
b Ubkg : Ebkg \/Nsig ; +kag : Fbkg 3] M. Ablikim et al. (BESIII Collaboration), Phys. Rev. Lett. 126, 102001 (2021)

e )



https://pdg.lbl.gov/2022/hadronic-xsections/

Summary

Particle type Ereco [0/0] S / B Ssig
x10-4

Zc(3900)* (from ) 45.87 5.8 10.7391*

Zc(3900)* (from et e") 19.98 2.5 3.6877*

Zc(3900)- (from ) 45.94 5.8 10.7035"

Zc(3900)- (from e+ e’) 20.02 2.5 3.6905"

* assuming at least 1 background event

Particle type ereco [%] S/B S

Zcs(3985)+ (from ) 45.44 0.00013 5.4617*
Zcs(3985)+ (from e+ e) 18.31 5.23x10-° 1.6705"
Zcs(3985) (from ) 44.31 0.00013 5.4446"
Zcs(3985)- (from et e”) 17.88 5.11x10-° 1.6705"

* assuming at least 1 background event




Feature Works

* Increase DPM background statistics * |ncrease DPM background statistics

* (Generate events for Zc background study ¢ Generate events for Zcs background study
e pp >t +aT+ut+u, e pp > K"+K +ut+u-,

e Dp o> 4+ +et+e” e pp > KT+ K +et +e”






Analysis

Reconstruction of FS: transverse vs. longitudinal
Momentum Distributions

”+ u' 7Tt -

u* from J/yp full MC sample n* from Z¢(3900)" full MC sample n from pp full MC sample
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Analysis
Reconstruction of FS: total momentum vs. © angle Distributions

”+ u- Tt T

u* from JAp full MC sample u from J/yp full MC sample n* from Zc(3900)* full MC sample 7 from Ppp full MC sample

10 10 — 4 — 4
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AnaIySiS Reconstruction of FS: Momentum Resolution

H

momentum diff vs. momentum for u*

u- Tt e

momentum diff vs. momentum for u momentum diff vs. momentum for " from pp
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Backups

Electron channel : e-

e from J/yp full MC sample e from J/y full MC sample

3 10 —
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MC simulation
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decayTreeFitted: p vs pz for e with MCT & decayTreeFitWithVtx4c cuts
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Backups

Electron channel : e-

generated cos(©) distribution for e
x10°
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Backups

Electron channel : e+

e’ from J/yp full MC sample e’ from J/y full MC sample
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decayTreeFitted: p vs 0 for e* with MCT & decayTreeFitWithVtx4c cuts
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Backups

Electron channel

generated cos(0) distribution for e*

momentum diff vs. momentum for e* momentum resolution vs. momentum for e*
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Backups

Electron channel : J/y

J/p from Zc(3900)* full MC sample JAp from Zc(3900)* full MC sample
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Backups

Electron channel : J/y

A B 2 " = A -
decayTreeFltted - X distribution for J/ w J/l]) . Ap / P voigtFit:: decayTreeFitted: Mass distribution for J/vy with decayTreeFitWithVtx4c cuts
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decayTreeFitted: probability distribution for J/y
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