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Introduction

m h¢singlet P-wave charmonium state

m experimentally observed 1992 in pp
reactions [Phys. Rev. Lett. 69, 2337]

m not directly accessible in e* e-annihilation
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m decay pattern still not well known ‘“§
S
Process BF(he — X) é
YTc 516 %
N (4.7+£2.1)-107%
n (1.54+0.4)-1073
wtr O <22-1073
- 0.8
2(mtr—)mo 2.2755 % 35
3(rta )Y <29 % Jy(1s)
pp <15-107* % 3| n09)
O-+ 1“ O++ 1++ 2++
JPC
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Final states presented here

g

i, How to choose possible final states?
I
I

negative G-parity of hc
— 0dd number of pions

- 2(rTw)7w® only known final state besides 7. |
- —replace 7tw~ by nor Ktk-

e e

4 »
| - he — Kt K-mtr 0 m ; . he — W+Wﬂ

and many more coming soon...
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Data sets

= Using production via 9’ — 7 h.

" Production using XYZ data via X — 7" 7~ h_ not suitable due to smaller
reconstruction efficiency and lower production rate

" Beam data: 448.1 - 106 @’ events
" inclusive MC: 506 - 106 events

= Signal MC: 1 - 106 events
= Boss Version: 664p03
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General selection criteria

Good charged track criteria Good photon criteria
Poca: Ry <1cm, R, <10cm Separation from tracks: AQ > 10°
Polar angle: Icos 61 <0.93 EMC time info: t < 700 ns

Barrel: Ey> 25 MeV,

PID criteria lcos 6]l < 0.8

J( using dE/dx information from MDC and
TOF information
p-Value: P(X) > 103,

P(X) > P(Y), X 2 Y

Endcaps: Ey> 50 MeV,
0.86 <lcos 61 <0.92

Reconstruction of 0 candidates Reconstruction of n candidates
IM(yy) — M(110)| < 30 MeV/c2 IM(yy) — M(n)| < 30 MeV/c2
mass constrained fit mass constrained fit
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Searchfor h, - " K"K «°

m Common vertex ensured by converged vertex fit

" Np=2 Nxk=2 Ny>4

0 250
® Limit goodness of 6C Fit: Xgc < 50 2 [ — Signal MC
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Searchfor h, - " K"K «°

o 103:

§ E — Signal MC J/l.IJ

3 i — data H
m Common vertex ensured by converged vertex fit S 2Ll incl.Bg.MC ;

N st it
| N’ﬂ' e 2, NK e 2, N,Y Z 4 :>j E ++-|-+T+-I+-|- T'I'T T J_'H‘l'_l_

L J_.I.

= Limit goodness of 6C Fit: Xg- < 50 ol HJr }

4C fit to hypothesis 3y 7771~ KT K™ to veto background from r

|
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Searchfor h, - " KTK =w° S F o —
o [ *
3 | — data
% 107 » ++++:+¢+ Incl. Bg. MC
m Common vertex ensured by converged vertex fit g + il
= Ny=2 N¢=2 N,>4 10;
® Limit goodness of 6C Fit: Xgc < 50
® 4C fit to hypothesis 3y 77~ KT K~ to veto background from I
c Y Xt X <X, i3
= reject background from ¥ — 7wt J/y, wO0n0J/4 I
M(r*nn0) [GeV/c?]
“ IM(Tt T ) Ree — M(J/2)| > 25 MeV/c?
« IM(TO70) gec — M(J/)| > 25 MeVi/c? S 120 m | TSenene
= 7% from ¥’ decay should not from other resonances: §100i ”Mi } — data
2 L : : Incl. Bg. MC
L “}H
C[M(mt ) — M(n)| > 16 MeVic? o }H' "] |
i | I
) IM(rtm %) — M(w)| > 20 MeV/c? 60| HH}H i
IM(TOKE) — M(K*%)| > 30 MeV/c? ol 'IW |H} |
2o L
I Lk
[ NN Y

85 065 0.7 075 0.8 085 09 095 1 105 1.1
M(nK*) [GeV/c?]
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Searchfor h, - " K"K «°

m Common vertex ensured by converged vertex fit

= Ny=2 Nx=2 N,>4
= Limit goodness of 6C Fit: Xgc < 50

® 4C fit to hypothesis 3y 77~ KT K~ to veto background from

- Y =YX X < X5y

= reject background from ¥ — 7wt J/y, wO0n0J/4

“ IM(Tt T ) Ree — M(J/2)| > 25 MeV/c?

M(TOT) pec — M(J/1P)| > 25 MeV/c?

7% from ¥’ decay should not form resonances with other final

state particles:

“IM(m T w0) — M(n)| > 16 MeV/c?

M(mtr=70) — M(w)| > 20 MeV/c?
M(TOKE) — M(K**)| > 30 MeV/c?

= obtained efficiency 7.3%
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1 = '
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M(K*K ) [GeV/c?]

m» possible structure at hc mass
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Background studies

= Non-resonant contribution dominates (99%)

Process N,em
K*o K*i,n.q:,n.o 437

K*K*¥rtn~ 230

K* K= pF 185

K*+ K*—po o5

m Study of peaking background caused by radiative decays:

“ he = YNes YXcr> YXeo

% Problem: decay modes mostly unknown, explicit search
limited by statistics and dominated by background

= But theoretical predictions exist, used to estimate:
= BF(h. =YX, )~ 3.4-1077 (suppressed by PHSP)

= BF(h, = ¥Xc,) ~8.6-107% [Phys. Rev. D 89 11 (2014)]

= remaining peaking background subtracted from determined

signal yield

Events /[0.002 GeV/c?]

— data
— Signal MC

) Hm _ ﬁ + | Temes |

e Ly

401

20—

7\ Kk} Kb b } N | ‘ L 1 ‘ 1 A_Ll‘“v—'—'—'— Lot ‘ ik Kk Bk b ‘ | ik Kb bkn RE |
85 3.505 3.51 3.515 3.52 3.525 3.53 3.535 3.54 3.545 3,55
M(K'Kn*nnd) [GeV/c]

known decay modes scaled to PDG value

unknown decay modes generated using
LUND Model

additional sets similar to final state have
been generated (see next slide)
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Background studies

List of explicitly generated final states

Process h, — v X intermediate states  N,.,, Neypected
n.— KTK nhn KOK=m™ 12 3
Ne— KTK nn™ PHSP 10 2
Nne = KTK=n n—m°m° PHSP 2 0
Ne— KTK nrn non° K* K* mom© 1 0
Nn.— KTK nrn 7 PHSP 0 0
Ne— KTK nrn 7 K** K**1°n 0 0
Ne—= KTK n ™ nn PHSP 0 0
Xeo PHSP 5 0
Xes PHSP 0 0

No background process identified,
which could describe the complete observed structure
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Determination of branching fraction of h, > tTn~ K™K «°

Resolution Breit-Wigner ® Resolution + Argus
i m—p)? m—p 3 S
62+0L(Z),TS_O'L o ;
= e—f(% ,—0, < =E <o, +3Gaussian .
e 2t—ou("F*) ,oy < B g 100}
S N
2 80:—
. -...-.o.‘.'.. L
I 60—
aof-
20~
_I L IJJJ.LLI.I I_I.I.I.LI-PI'I'I’I'I 11 I 111 :rrl-l-l I.IJJJ.I.LI IJJJJ.LL
85 3.505 3.513.5153.523.5253.533.535 3.54 3.545 3.55
M(K*K ) [GeV/c?]
M(h.) =3525.0+£0.7 MeV/c?
r(h.)=0.9+0.6 MeV
-%.;)1 -o.oos-0.0()'6'-5.(')64'-6.2)62' 'é ' Io'.ololz'ol.ololtlo'.oos 0.008 0.01 BF(hC — K+ K_7T+7T_7T0)
A M(KKnn) [GeV/c’] =(3.0£0.4+0.4+0.6)-107°
. . i . RUHR
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Systematic studies

Selection procedure

m variation of selection criteria

cut nominal value range step size uncertainty
Xec 50 30-70 1 2.8 %
IM(T" ) pee — M(J/9)| [MeV/c?] 25 10-40 1 0.5%
IM(T°T°) pee — M(J/Y)| [MeV/c?] 25 10-40 1 1.4 %
IM(T°KE) — M(K*)| [MeV/c?] 30 10-50 1 4.4 %
IM(mr = 7°)— M(n)| [MeV/c?] 16 6-26 1 1.3 %
IM(mt = 7°) — M(w)| [MeV/c?] 20 10-30 1 2.5%

Generator model
= including intermediate resonances to generator model leads efficiency difference of at most 7.6%

Fit model

m Describing background by Chebychev polynomial instead of Argus function: 1.2%
m Fitting range: 0.9%

Tracking Photon reconstruction PID 0 reconstruction
m 1% per track = 4% = 1% per photon = 4% m 1% per track = 4% m 1% per 10 = 2%

e - == ST e ———— =

total 12.2% + 15.1% caused by involved branching fractions!

|
ff
- — e
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Study of intermediate resonances

= Problem: Background dominated process, sideband subtraction not suitable
= |dea: Extracting signal yield in slices of subsystems

= same fitting procedure used as before in subregions

For example fit in slices of K1t mass

0.60 GeV/e® < M(Kr) <0.70 GeVic® 0.70 GeV/c? < M(K‘) < 0.80 GeVic® 0.80 GeV/c? < M(K*%) < 0.90 GeVic? 0.90 GeV/c? < M(K*%) < 1.00 GeVic? 1.00 GeV/e? < M(K'1F) < 1.10 GeVic?

g S 2 B 850 855 T 852 853

1.10 GeV/c? < M(K'T) < 1.20 GeVic? 1.20 GeV/c? < M(K'r) < 1.30 GeV/c? 1.30 GeV/c? < M(K*) < 1.40 GeVic? 1.40 GeV/c? < M(K*) < 1.50 GeVic? 1.50 GeV/c? < M(K'r) < 1.60 GeVic?

51 285 s

1.60 GeV/c* < M(K'') <1.70 GeVic* 1.70 GeV/c* < M(K'’) < 1.80 GeV/c* 1.80 GeV/c* < M(K*r') < 1.90 GeVic? 1.90 GeV/e* < M(K*r') < 2.00 GeVic? 2.00 GeV/e? < M(K'n) <2.10 GeV/c?

1of o
1l 10

s 5
12 N

4

10 o

6

8| 3
ol 4

2
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Study of intermediate resonances

N, 24
2T 25—
8 221 F
8 20F
g 20 i
—~ 18] 20—
=8 i
Z 16 4
- ——
14F 151
12

10—

m shown error bars are statistical

i J( ﬁ JHL ;| Hﬂ#Hﬁ thﬂ u Simiar structures in charged

and neutral mode

L1t
0.6 12 14 16 18 2 22

M(KE) [GoV/c? 0 1 12 14 1.6 1.8 2“%(}(2“41t 2{&\/2/08] . . . . .
K*(892), K;‘,2(143o) K, (1820), K;‘(198o) = Lr;?gﬁ(’;lrc:g for intermediate
gzsz— E . hC — K*(892) Ké*)
] + * e — K (1430) K&
bl gl Hz 1%%j>%j>ﬁ+u§2 oy Q}u:z JL |16 e } Bmizs

M(K*%) [GeV/c?] M(K* %) [GeV/c?]
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Study of intermediate resonances

N
~

52 1(1270)
§ - a1,2 § 20
Zo20- igaé 762(1810)
=t w 4 w4
15/— 1 14
L 12—
L 10;
10~ *+ =
i 1+ T 8
r T 6
: 27
ol+“|d¢ 4 | oL l i Ll_1+
0.5 1 1.5 2+_0 e2;:‘55 1 1.2 14 16 1.8 2 22 24 2eGC . _
M(rrn) [GeV/c?] M(K'K)) [GeV/c?] m hc—>(7T+7T WO)(K+K )
seems to be more favored
‘o RS} than hC — (7r+7T_) (7TO K+ K_)
3 30 (980) > no visible structures
fg C (Lg 251 .
S a5 s | m Correlations between
Sl 1 a0l sybsystems need to be
2F [ investigated
s ] 15; 1
- 4 100 T **
10? r -
Si L 5} J\ l <’>
ol:l\\_AJ\\ ‘ \\‘\\\‘ 11 . + ++\ I 0:1\\ 11 \L l+ L1
02 04 0.6 . 12 14 16 1.8 2 1 12 14 16 1.8 2 22 24 26 2.8 3.2 34
M(r*) [GeV/c?] M(K Kn°) [GeV/c?
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Analysis of Y — w°h. ,

h. — ®7n n°n

m Common vertex ensured by converged vertex fit

= Ny=2 Ny>6

= no pair of photons from different particles should form a 7°: 51800

M(~yy) — M(7®)| > 15 MeV/c?

\S]

o

o
i

R

i

— Signal MC

— data

Incl. Bg. MC

1‘\\\‘\.’?“\'%&&""‘-“ [SURRTN R A

02 04 06 08 1

12 14 16 18 2
M(yy) [GeVic?]
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Analysis of ¥’ — w°h., h. — w7 n°n

m Common vertex ensured by converged vertex fit

= Ny=2 N,>6 o 30

E L — Signal MC
= no pair of photons from different particles should form a 7°: i zsi — data
“ [M(yy) = M(m®)| > 15 MeV/c? r incl. Bg. MG
= Limit goodness of 7C-Fit: x5 < 100 200

15— ‘

i JM ’ i M»g ww

Ll bl L L Lot L
00 20 40 60 80 100 120 140 1 60 1 80 200
Xec

——
e
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Analysis of ¥’ — w°h., h. — w7 n°n

N
o

Ng — Signal MC
& 40
) — data
§- % Incl. Bg. MC
m Common vertex ensured by converged vertex fit § aor
" Npe=2 Ny>6 25?
20—
= no pair of photons from different particles should form a 7°: b
“ [M(y7y) — M(7%)| > 15 MeV/c?
= Limit goodness of 7C-Fit: x5. < 100

= 7° from 1’ decay should not form resonances with other final
state particles:

M(mtm=70) — M(n)| > 16 MeV/c?

35

« IM(mtr70) — M(w)| > 20 MeV/c? (% SO—SignaI M |
= reject background from ¢’ — wo7%J/y, nJ/YP : %25_:1:39. Me ‘

* M(TOT0)gec — M(J/4)| > 30 MeVi/c®

* IM(M)gec — M(J/®)| > 30 MeV/c? o

5

Gru itk 'L"SS

5 3 .
M(n°r%)Rec [GeV/c?]
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Analysis of ¥’ — w°h., h. — w7 n°n

m Common vertex ensured by converged vertex fit

= Ny=2 Ny, >6

= no pair of photons from different particles should form a 7°:
“ [M(y7y) — M(7%)| > 15 MeV/c?

= Limit goodness of 7C-Fit: x5. < 100

= 7° from 1’ decay should not form resonances with other final
state particles:

“ IM(m T 70) — M(n)| > 16 MeV/c?
« IM(mtrm70) — M(w)] > 20 MeV/c?
= reject background from ' — w0 J/, /Y :
* IM(TO70) e — M(J/4)| > 30 MeV/c?
M(n)rec — M(J/¥)| > 30 MeV/c?

= obtained efficiency 3.9 %

Events / [0.002 GeV/c]

- — data
30
25[- Jr | total BG
1L
20rL | 7 ‘
15 e

\\\__1_\\

IR

5

\l\l

! 1111‘1111111\\;J\{\‘\\'\\I‘J\Ji*iJiJlli‘r}‘i‘ll

7} . |
8.5 3.505 3.51 3.515 3.52 3.525 3.53 3.535 3.54 3.545 3255
M(n*n’nng) [GeV/cT]

m» possible structure at hc mass
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Background studies

= Dominating contribution from ete™ -yt 17

m Study of peaking background caused by radiative decays:

= he = ¥Xco> VXex
= negligible contribution

- h(; - fY’nC
Process Nrem Nexpected
Ne > T 16 3
Nne = whTwon® 7 1

= subtracted from determined signal yield

Events /[0.002 GeV/c?]

- —data
30 — Signal MC
- —n- v |
251 Jﬁ ‘ | total BG
o T

+ T

it jT }

T T T 1 giilsigssgegigilis it
8.5 3.505 3.51 3.515 3.52 3.525 3.53 3.535 3.54 3.545 3,55
M(n*n'nng) [GeV/cT]

5

= known decay modes scaled to PDG value

= unknown decay modes generated using
LUND Model
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Determination of branching fraction of h, — 7r+7r_1r°'n

Resolution
Breit-Wigner &® Resolution + Argus
0.2
e?L"'UL(u m=p <—0;
_1f m=p)? — . = e
={ e :(%% ,—0, < =E <o, +3Gaussian 5 ;
a2 — 2 0
_H_ m—u _
e —ou("") o, < = .
No 35 3.51 3.52 3.53 3.54 3.95
N -
() L
= 35_—
— Al L
= g ~ L
a ; %) L
0 'E 30_
1 [} -
-2 > -
o goém. o1 w r
S C 25
2 o
= 800
S 20
% 700F -
c - -
2 C C
D 600F 15
500;— 10:_
400 -
- S
300 N ; .
E _I 1 I.IJ.I.I.I.I | I-I-I‘LI-I’I—I'I 1111 | 1111 |~I~I.I'I-I-IJ-.I.I.LI I.I.IJ..I.I.I_I
200F- 85 3.505 3.51 3.515 3.52 3.525 3.53 3.535 3.54 3.545 3.55
1005 M(*nn) [GeV/c?]
o . BF(he — 77~ 7%n)
—%.01 -0.008 —0.0(;6I—IO.O(')I4I—IO.O(')I2I : 0 : IOI.OOI2 IOI.OOAII IOI.OOI6 IOI.OOS 0.01

A M(r*rmn) [GeVic?] =(9.9+1.6+1.2+1.5)-10°
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Systematic studies

Selection procedure

m variation of selection criteria

cut nominal value range  step size uncertainty
xic 100 80-120 1 3.2%
IM(M) pec —M(J/YP)| [MeV/c?] 30 15-45 1 1.3 %
IM(TOT°) ree — M(J/Y)| [MeV/c?] 30 20-40 1 1.6 %
IM(yy) — M(m®)| [MeV/c?] 15 5-25 1 3.3 %
IM(mttn— ) — M(n)| [MeV/c?] 16 6-26 1 1.5%
IM(m*tn~7°) — M(w)| [MeV/c?] 20 10-30 1 3.3%

Generator model

= including intermediate resonances to generator model leads efficiency difference of at most 6.3%

Fit model

m Describing background by Chebychev polynomial instead of Argus function: 2.1%
m Fitting range: 1.1%

Tracking Photon reconstruction PID M0 reconstruction

= 1% per track = 2% = 1% per photon = 6% = 1% per track = 2% m 1% per 0 = 2%

T T = = — —— =

:; total 11.5% + 15.1% caused by involved branching fr

(i
| .
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Summary and outlook

So far:
= 11 final states have been analyzed
m Hints for 2 new decay modes of the h_!

m Branching fractions have bean measured
BF(h, > KTK "™ 7m°) =(3.0£0.4£0.4+0.6)-107°
BF(he — ntm—mn) =(9.9+1.6+1.2+1.5)-107

m systematic studies started

Future goals:
= Further systematic studies and background studies
= Optimization of fitting and selection procedure
= Improved strategy for peaking background

= Determination of upper limits for other final states
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