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The region around 3.9 GeV is unclear...
X(3872),X(3915), Y(3940), Z(3930), X(3940)
Which are conventional and which aren’t?

Finding the h(2P) could bring clarification.

Cross sections for sttty (1S,2S) and wtrmhe(1P)
are on the order of 50 — 100 pb; we probably
expect the same for mwrth(2P).

Furthermore, mass and decay width predictions
for the ho(2P) exist:

PHYSICAL REVIEW D 72, 054026 (2005)

Higher charmonia

T. Barnes,"™ S. Godfrey,>" and E. S. Swanson™"*



MASS [GeV/c?]

Overview of the h.(2P)
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2P Mass Predictions:

Multiplet ~ State Expt. Input (NR) | Theor.
NR GI
2P Y>(2°P,) 3972 3979
x1(2°P)) 3925 3953
Yo(2°Py) 3852 3916
h.(2'P;) |3934 3956 I

2P DD Decay Width Predictions:

Z(4430) 3
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Z
3.8 |- Xe0(2%Po)
P (1°Ds)
M |
P'(2381)
CI 218
3.6 | &)
Xc2(1%P2)
he(17P1) Xc1(13P1)
3.4 - Xo(1%Po)
3.2 - predicted, discovered
JIP(1%S4) predicted, undiscovered
3.0 i i
ne(11S0) unpredicted, discovered
O+ 1-— 1+- O++ 1++ 2++

JrPC

Meson State  Mode Ty, (MeV) Amps. (GeV~!/2)
x»(3972) 2’P, DD 42 'D, = +0.0992
DD* 37 3D, = —0.1172
D,D, 0.7 'D, = +0.0202
total 80
x:1(3925) 2°P, DD* 165 3§, = +0.2883
3D, = —0.0525
x0(3852) 2°P, DD 30 IS, = +0.1025
h.(3934) 2'P, |DD* 87 | 38, = —0.1847
3D, = —0.0851




Strategy

I. Measure the ete— — DD ™ cross section.

II. Search for sttth(2P) with hc(2P) — D+*D*-.

[II. Compare to ete~ — -nOD*D*.



I. Measure the ete— — e D*D*~ Cross Section

Reconstruct D+ with Dt — K-nttwtt (and charge conjugate, always implied).

Isolate the reaction by finding the D+ in K-7t+t+ and looking for the D*-
in the (K-sttitt)tr- missing mass. Use all combinations.

Use standard track and angle requirements for all tracks.
Only use PID for the kaon: P(K) > P(sr) and P(K) > 10-3.
Use three classes of data:

SIGNAL MC: Includes ttt-D+*D™- and its charge conjugate.
The charge-conjugate channel is an irreducible background, since D"+ — %D+,

INCLUSIVE MC: (1) Includes full samples of inclusive DDbar MC at 4.42 and
4.60 GeV (including important channels of the form tD*D").
(2) We also add 200 pb each for all charge combinations of the form tnDD*
(which includes signal as well as potential peaking backgrounds).

DATA: Currently use all of the 2014 data: 4420, 4470, 4530, 4575, 4600 MeV
(but should eventually also include the 4360 data from 2013).
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I. Measure the ete— — e D*D*~ Cross Section

* Find the D* using the D* — K-ttt mass (x-axis).

* Find the D*- using the D*mt*7t recoil mass [RM((K-rtth)tte) + M(K-mtret) — M(DY)] (v-axis).
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I. Measure the ete— — e D*D*~ Cross Section

* Select the D+ by requiring Mass(K-mt+7tt) be within 10 MeV of the D+ mass.

Events / 2 MgV/c?
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I. Measure the ete— — e D*D*~ Cross Section

* After selecting D+ candidates, there is a clear peak for the D™~ in the D+ttt recoil mass.

* The “wrong-sign” D* decay to K+ttt describes the background shape well.
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I. Measure the ete— — e D*D*~ Cross Section

Fits (current technique), three free parameters:

* Take the from signal MC (there are two components — the charge conjugate
is an irreducible background, the ratio is fixed).

* Take the background shape from the wrong sign D decay and multiply by a
1st order polynomial (maybe not necessary).
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Events / 2 MeV/c?

I. Measure the ete— — e D*D*~ Cross Section
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Efficiency (percent)

I. Measure the ete— — e D*D*~ Cross Section

* Find the efficiency and number of observed events from the fits.
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I. Measure the ete— — e D*D*~ Cross Section

* Get the ISR correction factor from SIGNAL MC.

* Divide INCLUSIVE MC and DATA by the efficiency, luminosity, D branching fraction,
and ISR correction factor to get the Born Cross Section.
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Strategy

I. Measure the ete— — wrtD+D™*- cross section.

The cross section is ~60 pb, consistent with ttm(1S,2S) and wtth(2P).
Systematic Errors: luminosity; tracking; fitting; ISR.

II. Search for sttth(2P) with hc(2P) — D+*D*-.

[II. Compare to ete~ — -nOD*D*.
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II. Search for sttmh(2P) with he(2P) — D*D™-

Fit the D*- as a function of M(D*D™)...
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Also look at M(D+mttit) (where there could be a D1(2420)),
and cosUnx (Which should follow 1 + cos*Onx for the h(2P))...

14



Events / 25 MeV/c?

Events / 25 MeV/c?
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II. Search for sttmh(2P) with he(2P) — D*D™-

Data at Ecm = 4420 MeV

+ M(D+D*)

385 39 395 4 405 41 415 42
Recoil Mass(rt*n) (D+D*') [GeV/c?]

Data at Ecm = 4600 MeV

M(D+D*)

8

385 39 3.9 4 405 41 415 42
Recoil Mass(x*r) (D+D*') [GeV/cz]

Events / 25 MeV/c2

Events / 25 MeV/c2

Data at Ecm = 4420 MeV
“F + M(D*7tr)
2005— ++

150
100

|l |l |l |l I |l |l |l |l I |l |l |l |l |l |l I |l |l |l |l I |l |l |l |l
P55 23 285 24 045 25 255
Mass(x*x'D") - Mass(XD) +Mass(D") [GeV/c?]

Data at Ecm = 4600 MeV
1802— M(D"'J'IS'"J'IZ')
160
1405—
1205—
1005—

80
60

+ JrJrJFJF Jf

1 1 1 I Ll I Ll
2. 25 2 35 2 4 2 45 2.5 2 55

Mass(t'n D" ) - Mass(XD) + Mass(D+) [GeV/c |

Events / Bin

Events / Bin

Data at Ecm = 4420 MeV
?ZS: + cos(Onr)

8o
60

40F

20F

0 01 02 03 04 05 06 07 08 09 1

cosh of the n*x~ System

Data at Ecm = 4600 MeV

1e80f" coS(Vnr)
160
140

120F

11 +

40F

20

0 01 02 03 04 05 06 07 08 09 1

cosh of the n*n~ System

* Distributions for M(D+D*-), M(D+mttt), and cos(Unxr).
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Events / 25 MeV/c?

Events / 25 MeV/c?

* Perform simultaneous fits at 4420 and 4600 using

II. Search for sttmh(2P) with he(2P) — D*D™-
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Events / 25 MeV/c?

Events / 25 MeV/c?

II. Search for sttmh(2P) with he(2P) — D*D™-

Data at Ecm = 4420 MeV Data at Ecm = 4420 MeV Data at Ecm = 4420 MeV
g o 300 5 200
350 *_ N \
5 M(D+D*) s f M(D+mrn) P c0S(Fxn)
C o B — g 180
300F & 250 i
F @ - 160
250 o -
. D ooof 140 -1
200F- 1208 —
150F _l_ 150 100 T
1005— . 80 +
- 100~
. - 60
50 B
- 50?\_ _I_ 40P
0 - _+_ B i, — 20 -_ e
B - o e
_50-_IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII IIIIIIIIIIIIII O:IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
38 385 39 395 4 405 41 415 42 R 235 24 245 25 2.55 0 01 02 03 04 05 06 07 08 09 1
Recoil Mass(x*x) (D'D7) [GeV/c?] Mass(x*x'D") - Mass(X ) + Mass(D") [GeV/c] cost of the n*x” System
Data at Ecm = 4600 MeV Data at Ecm = 4600 MeV Data at Ecm = 4600 MeV
- NQ - hEJ :_
190F M(D+D*-) s ®F M(D+*mm) s % c0S(Vnn)
140f & 160F —— k: 160;—
C 2 140 C
120 o : BEEE 140
- o 120F -
100F 100F- 120F-
X s 100}
80F “F F ma
- 60F- L 80 1 Ll
- 40F ) 60 _'__I__L
o C F----'-. -
40 20 : s0f= — . 1
20f ° _ 205— T
B -20F L
» -IIIIIIIIIIIIIIIIIIIIIIIIIIIII O-IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
98 385 39 395 4 405 41 415 42 225 23 235 24 245 25 2.55 0 01 02 03 04 05 06 07 08 09 1
Recoil Mass(x*n) (D'D”) [GeV/c?] Mass(x"x'D") - Mass(X ) + Mass(D") [GeV/c”] cos of the =" System

* Use and D1*(2420)D*- and h¢(2P) (with parameters from theory). x2=3574
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II. Search for sttmh(2P) with he(2P) — D*D™-

Data at Ecm = 4420 MeV
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and D1+(2420)D*- and h¢(2P) (with best parameters).
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h.(2P) Width [MeV/c?]

II. Search for sttmh(2P) with he(2P) — D*D™-
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Strategy

I. Measure the ete- — DD ™*- cross section.

The cross section is ~60 pb, consistent with ttm(1S,2S) and wtth(2P).
Systematic Errors: luminosity; tracking; fitting; ISR.

II. Search for ttth(2P) with hc(2P) — D+D*-.

Including an h.(2P) signal describes data better than pure phase space and D1D".
The statistical significance calculation requires more thought.

The mass and width are consistent with theoretical expectations.
Systematic Errors: fitting; mass calibration.

[1I. Compare to ete~ — -nOD*D*.
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[1I. Compare to e*te- — T m°D+*D*0

Isospin Ratios

These ratios always hold:

atmw

DD . xt7a~D°D*0 =11

7 DT D*0 . xt0DO D =11

DT D* . 797DV D*x0 =1 . 1

For (77) 7—o(DD*)—o:

nta DT D*"

For (77)7—1(DD*)j—1:

nta DT D*

For (DW)Izl/Q(D_*W)Izl/23

nta DT D*

cxm9DTD*0 . Z00ptpr— —9.0:1

cx m9DTD*0 . Z0 0Dt D — 1.2 0

7m0 DD 200Dt D —4.4 11

The ratio can tell us something
about the isospin composition.

O'(?T_7TOD+D_*O)

— =0
o(ntn— DT D*™)

—s 0‘(7T_7TOD+D_*O) _ 5
o(rtm—DtD*)

— o (=m0 DT D*0) .

o(ntn= DT D*™) B
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[1I. Compare to e*te- — T m°D+*D*0

Use almost the same method as before: Reconstruct m—n’D+* with D+ — K-ntt

Isolate the reaction by finding the D+ in K-7t*7t+ and looking for the D™
in the (K-m*7tt)t-m° missing mass. Use all combinations. Same track selections.

Perform a 1C fit for the t° mass; require %2 < 3.

Use four classes of data:

SIGNAL MC: Includes tn°D+D*0 and DD+,
The latter is an irreducible background, since D*+ — 0D+,

aD*D* MC: Since this channel has peaking backgrounds, we generated a larger

sample than what 1s in the DDbar MC. Charge combinations are fixed by 1sospin.

INCLUSIVE MC: (1) Includes full samples of inclusive DDbar MC at 4.42 and
4.60 GeV (including important channels of the form tD*D").
(2) We also add 200 pb each for all charge combinations of the form mDD*
(which includes signal as well as potential peaking backgrounds).

DATA: Currently use all of the 2014 data: 4420, 4470, 4530, 4575, 4600 MeV.
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[1I. Compare to ete- — Tt n°D*D*

* Find the D+ using the D+ — K-7t+tt mass (x-axis).
* Find the D*0 using the D*mt-n recoil mass [RM((K-mtttt)mnl) + M(K-ttet) — M(D*)] (v-axis).

* There are large peaking backgrounds from different combinations of mD*D".

ete’ = D* i [D ]

— 2.08 — 2.08
2 12( ©

3 3 70
O, 2.06— O, 2.06 )
e 10( — 60
2 204 =

a 80C a 50
a [72]

— = 40
A - 60C - o

X' 2r x X 2 30
)] L [2] /)]

g 40( 3 g . - 3

S 1.08 = = 1.98 ol 20
+ + + . v -

T T T

£ 1.96] 20( 4 & 1.96 - 10
" - < <

\U_‘), i L1 1 | L1 1 | L1 1 | | L1 1 | L1 1 | L1 1 % % | !

é 1948 182 184 186 188 19 192 194 ° cE‘@ 1948 182 184 186 188 19 192 194 ° § 198 182 184 186 188 19 192 194 0

3 Mass(X ) (D) [GeV/c?] 3 Mass(X ) (D) [GeV/c?] 3 Mass(X ) (D") [GeV/c?]

(0] o) 3

n el o

SIGNAL MC INCLUSIVE MC DATA

(includes irreducible
background from
a-a’DOD*+)
(Using all 2014 data: 4420, 4470, 4530, 4575, 4600.)

(these plots don'’t include c.c.)
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[1I. Compare to e*te- — T m°D+*D*0

ete’ — D' 5w [D ]

Use the aD*D* MC to fix the peaking backgrounds. " 8000F :
3 aD*D* MC
c\17000* .
%6000* '
*0 Lﬁ *
ete = D" nn®[D ] "0 .
N - « 4000 .
20000 Select D*t — D+
2 oot AD*D* MC . a000f- -
8000 to find the other D*. 2000F :
46000 ; .
g s 1000 . '%.o.,.,”” .
114000 - E.\.“\“T‘T.T'.\”T“\“T o b b Ly \' \' T”\“T“
12000:_ 10.94 196 1.98 2 2.02 204 206 2.08
N ° Recoil Mass((XD)n'nO) +Mass(X ) - Mass(D") (EXO) [GeV/c?]
100001 "0
- ete = D" an® [D
8000/~ N _ ] D]
- Mass(mi°D+) 23500 " Ty
6000 2 f s, ADDTMC
n 30001 foow
4000 = s | it
- S 2500L 4 +"+N*’+ g *M
2000 | . _ 7 25000 * X
C % ool - +
0 1 |.:'|"| [ 1 ’I'.I..l f L LoLoreseretescecsessconcosnccnconcosesesesocssosasesas 2000? it
2 201 2.02 203 204 2.05 2.06 2.07 2.08 : "
Mass(X x°) - Mass(X ) + Mass(D") (D) [GeV/c?] 15001 “‘*”
Veto D*+ — 0D+ 1000; s
%k %k < E .
MC FOR 7ib"D to find peaking sof- Recoil Mass(miPmt-D+)
background. ST D
10.94 1.96 1.98 2 2.02 2.04 206 2.08

(these plots don't include c.c.)

Recoil Mass((XD)n'nO) +Mass(X ) - Mass(D") (5*0) [GeV/c?]

Use the top to fit the data; then fix the size of the bottom...



[1I. Compare to e*te- — T m°D+*D*0

Fits (current technique), three free parameters:
* Get the aD*D* background shape from MC; fix its size using data.
* Use a for non-peaking backgrounds.
* Take the signal shape from signal MC (there are two components — m-n°D°D™+ is an
irreducible background).

_*0
* + - =+ - O
e+e-%D+JT;-TCO[§O] ee %D ﬂ:ﬂ: [D ]
o i o B
> 300[- 2 - + +
= B = 600
Ry - N
% 250_— ..\(B
g § 500F
2001 i -
: 400
150 -
:+ + + } + + B
s0f fit t t 7 200}
_I 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 :
Poa 106 198 2 202 204 206 208 100~
Recoil Mass((X )w%) + Mass(X ) - Mass(D") (D°) [GeV/c?] -
B | ! | i | | | ! | I | | | | | ‘ | | 1 | I | | | | I |
10.94 1.96 1.98 2 202 204 206 2.08
. =0
Select D*+ — D+ to fix Recaoil Mass((XD)n'no) + Mass(XD) -Mass(D*) (D) [GeV/c?

the size of the ®D*D” background.

(these plots don't include c.c.)

Veto D*+ — %D+ with the size of mtD*D™ fixed.
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[1I. Compare to e*te- — T m°D+*D*0

ete’ = D' i'n® [ﬁ*o]

ete" = D" in® [ﬁ*o]

o 180F o %OF
> f D anl
= 160} 4420 = 801 4600
P - » T70F
Select g 1400 E | |
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D*+ — 70D+ 120F :
100 S0 1
to fix the i :
. 80 40—
size of the x : *H *
60 30F * *
background. | g H
40 20 * )
f_____ [o | e i ||
20 o 4T Tl
_I |1 | 11 | 11 | |1 1 | 1 |1 | 11 | |1 1 :I 1 1 | 1 |1 | 1 |1 | 11 | |1 1 | 1 |1 | 11
Poa 106 198 2 202 204 206 208 Poa 196 198 2 202 204 206 208
Recaoil Mass((XD)n'nO) + Mass(XD) - Mass(D") (5*0) [GeV/c?] Recaoil Mass((XD)n‘nO) + Mass(XD) - Mass(D") (5*0) [GeV/c?]
+A- +-0_*O +A” +-0_*O +A- +-O_*0
ete =D " wn’ [D ] ete = D"’ [D ] ete =D " wn’ [D ]
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(these plots don't include c.c.)
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2.08
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[1I. Compare to e*te- — T m°D+*D*0

- - ="0 ) i —*0
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(these plots don't include c.c.)



[1I. Compare to e*te- — T m°D+*D*0

* Find the efficiency and number of observed events from the fits.

ete’ = D* i [D ]

121
11.8—

1.6
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(these plots don't include c.c.)
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ete’ = D* i D ]
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[1I. Compare to e*te- — T m°D+*D*0

* Get the ISR correction factor from SIGNAL MC.

* Divide INCLUSIVE MC and DATA by the efficiency, luminosity, D branching fraction,

and ISR correction factor to get the Born Cross Section. Add charge conjugate channels.

e'e — D" 0 [D ]

0.96

C

11 ‘ 1| 1|
4.55 4.6 4.65
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SIGNAL MC

(assuming flat cross section

for ISR calculation,
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Born Cross Section [pb]

Born Cross Section [pb]

[1I. Compare to e*te- — T m°D+*D*0
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Strategy

I. Measure the ete- — DD ™*- cross section.

The cross section is ~60 pb, consistent with ttm(1S,2S) and wtth(2P).
Systematic Errors: luminosity; tracking; fitting; ISR.

II. Search for ttth(2P) with hc(2P) — D+D*-.

Including an h.(2P) signal describes data better than pure phase space and D1D".
The statistical significance calculation requires more thought.

The mass and width are consistent with theoretical expectations.
Systematic Errors: fitting; mass calibration.

[1I. Compare to ete~ — -nOD*D*.

The cross section ratio appears to be consistent with predominantly
isospin-0 DD* at 4420 MeV and a smaller fraction of isospin-0 at 4600 MeV.
Systematic Errors: luminosity; tracking; fitting; tD*D" model; ISR.

The h.(2P) is suggestive! We are also exploring an alternate method. What else can we do??
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Backup: Background Channels (I)

1. #ta~DT™D*" | la. nta DT (a"D™) 2a
lb. 77~ DT (x~ DO)
2. ntr~ D~ D*" | 2a. #tr D~ (7'DT) la
2b. 7t~ D~ (7T DY)
3. 7t~ DD*0 | 3a. T~ D%(#VD0) 2b 4a 4b 6b 8b 13b 13d 14b 14d 15d

3b. mtx~DY(~vDO)

4. 7wtax—DOD*0

4a. 7T~ DO(nV DY)

1b 3a 3b 6b 8b 13b 13d 14b 14d 15d

4b. 7ta~DO(yDY)

5. 77D~ D* | Ba. #TaVD~(x"DV) la 2a 6a 10b 13a 13c 15b
5b. wtaVD~ (v DY)
6. nTa'DYD* | 6a. 7T x’DY(x"D~) | 3a 4a 5a 5b 8b 10b 13a 13b 13c 14b 15b 15d
6b. wtaVDV (7~ DY)
7. ma’DYD*0 | 7a. 77 aVDT(x"DO) la 2a 8a 9b 14a 14c 15c
7b. 7= wDT(yDO)
8. m-w’DOD*T | 8a. 7 w’DO(zx"DT) 3a 4a 6b 7a 7b 9b 13b 14a 14b 14c 15¢ 15d
8b. 7w’ DO(7n T DY)
9. 797Dt D*= | 9a. 7'x’DT(a"D7) 7a 8a 10a 14a 15a 15c
( )

10. 797D~ D*t

Ha 6a 9a 13a 15a 15b

11. 7979 D0 p*0

Ha 6a 10b 12a 12b 13a 15b 16a 16b 16¢

11b. 797V DO(yDY)

12. 7979 D0 p*0

12a. w079 DO(7Y DY)

7a 8a 9b 11a 11b 14a 15c 16a 16b 16¢

12b. w07V DO(~ DY)
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Backup: Background Channels (II)

13. 7t D*=D*V

13a.

7 (D) (7Y DY)

13b.

13c.

13d.

14. 7~ D*TD*0

14a.

14b.

14c.

14d.

15. 7VD*t D*—

15a.

15b.

15c.

15d.

16. 7Y D*0D*0

16a.

70 (7V DY

16b. 7V (D) (7Y DY)

16¢c. 7 (w"DY)(yDY)

16d. 70(yDY)(yDO)
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