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New measurement and angular analysis of the

ete — D®*D*" process near the open charm
threshold with initial state radiation



Introduction and motivation

Spectrum of charmonium
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coupled-channel analysis
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Introduction and motivation

Spectrum of charmonium

@ Vector states above open—charm a7s o & P R %h %, 0D, %n, b,
threshold are not fully understood 105 (4415 =
as W(4160)]
@ Parameters of 1) states obtained e 1¥(4040) Ce
from oot (eTe” — hadrons) ars W(S) B e
o are model-dependent 3.50;'¥=32]$¥Sh0‘d Y(@E770) |
@ have large uncertainties = XXCCO2 xcl
@ Data collected should allow for L
coupled-channel analysis
Solution == Measure exclusive cross sections )
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Introduction and motivation

Comparison with previous results
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@ Belle and BaBar results
agree with each other

@ Statistics is too low to
study the structure of the
cross sections

@ Sum of all measured
excusive cross-section to
open-charm channels
saturates the total cross
section
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Goals:

@ Belle and BaBar results
agree with each other

@ Statistics is too low to
study the structure of the
cross sections

@ Sum of all measured
excusive cross-section to
open-charm channels
saturates the total cross
section

@ To improve accuracy of cross section measurements

@ To measure separately cross sections for all 3 possible helicity combinations

(TT, LT, LL) for the D* D* final state
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Introduction and motivation

Method

@ Partial reconstruction

@ Reconstruct D*, sr

e
Mrecoil(D(*)V) = \/(Ec-m- - ED(*)'y)z - p]2j)(*)7
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M.(D V&) GeVic
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Introduction and motivation

Method

@ Partial reconstruction

@ Reconstruct D*, sr

e

Mrecoil(D(*)V) = \/(Ec-m- - ED(*)'y)z - p]2j)(*)7

X

fay
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>
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w
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M,o(D Vig) Gevic®
Problem: Cannot distinguish between D, D* and D** in the final state

5/21



Introduction and motivation

Method

@ Partial reconstruction

@ Reconstruct D*, yisr and Tg1ow

e

AMcoil = Mrecoil(D(*)’YISR) - MrecoiI(D(*)Wslow’}’)

D

efe” - DTD*" | Recoil mass difference ete” - D**D* |
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& s000F - / \( = 20000} T
S 4o000f co 1 15000F -

iggg: oA S 10000 N -

w000f I [ cut: soo0f |- [~

0Gi: oim oi5 01 016 0 =

012 0145 015 0155 016
A, Gevic®

M, Gev/c? i3M€V/62

6/21



Introduction and motivation

Method

@ Partial reconstruction
@ Reconstruct D*, yisr and Tgiow
® M(D®+D*~) = Myeqoi (V15R)

Mecoil ('}/ISR) = \/(

Refit M,eco”(D(*)mSR) to D* mass to improve the Mecoii(isr) resolution

2

L15000f

>

0 M ecoi lution:

s recoul(’YlSR) resolution:
=10000F _ .

% Before re-fit — hatched histogram
z 5000¢ After re-fit — solid line

Ql? ;Ql 0 0.1 0.2
M(D™* D) resolution  Gev/c?
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Analysis

Comparison with previous analysis

@ Increased data sample: 547 fh™! = 951 fb~!

@ Additional modes for D reconstruction == D decay channels:

Q@ K rt
o Extended signal region for Myecoii(D™1sR) @ KK+
300 Q@ K rnrntrt
|(Mrecoit (D@ ¥ isp) — M(D*))| < 200 Mev/c? @ Kgmm™
Q@ K rtr
Q KIKTK~
o olete™ = DWHD*] = ; (j\lé\)[/djg/dM @ Kiro
o Q K Krnnt
dL/dM up to second-order QED corrections Q Klrtr 7Y

(Kuraev & Fadin (1985))
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Analysis
Backgrounds

©® Combinatorial background under the reconstructed D)+ peak
© Real D®T mesons and a combinatorial 7o,
© Both the D)+ meson and 7, are combinatorial

O Reflections from the processes ete™ — D™+ D*~70~gr
where the 7¥ is lost

© Contribution of the eTe™ — D(*)+D*_7T?ast

where the hard F?ast is misidentified as sr

Background contribution estimated from the data |
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Cross sections
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Angular analysis

Angular analysis of the process efe™ — DTD*~

@ Study D* helicity angle distribution
in each bin of M (D*D*™)

@ D™ are transversely polarized

= Check method D Dy

o (nb)
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Angular analysis

Angular analysis of the process efe”™ — D*tD*~

@ Study of the D* helicity angle distribution in each bin of M (D**D*™)
@ Helicity composition of the D*" D*~ final state:
*—+ *— *—4 *— *—+ *—
D1 "DY, DT'D; and DDy

o D = transversely polarized D* meson

o D; = longitudinally polarized D* meson
@ Total cross section

O =071+ O0TL + OLL

f=mnler,ca)- dL/dAM-(fLr+fri+frT)+ fog
c1 =cosby co = cos b,

0's are D*'s helicity angles

frr = orr-(1—¢f)-(1-c})
fro = orn-(1=c}) -3 +ci-(1—c3))
fir = oLp-c&-c3
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Fit results

Angular analysis
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Summary

Conclusions

@ We measured the exclusive cross sections of the
ete” — DYD* and ete™ — D*TD*™ processes

@ The accuracy of the cross section measurements is increased
@ The systematic uncertainties are significantly reduced

@ For the ete™ — D*T D*~ process we measured separately
the cross sections for all three possible helicity final states
(TT, LT and LL)
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Observation of an alternative x(2P) candidate
in efe” — J/YDD
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Introduction

Motivation

Observed by Belle, confirmed by BaBar in B — (J/{ w)K
_ PRL 94, 182002 (2005), PRD 82, 011101 (2010)

X (3915
( )\f Observed by both Belle and BaBar in vy — J/¢w
PRL 104, 092001 (2010), PRD 86, 072002 (2012)

BaBar: /7 = 0" = x(2P) candidate

PRD 86, 072002(2012)

Difficulties (see, eg., S. L. Olsen (2015), F.-K.Guo et al. (2012)):

@ Too narrow: 20 MeV (measured) versus ~100 MeV (expected)
@ Not seen in DD (expected as dominating mode!)

@ Unnaturally small 23P»-23P; mass splitting

@ Strong OZI violation: large BF in OZl-suppressed J/¢ w mode
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Introduction

Motivation
Observed by Belle, confirmed by BaBar in B — (J/{ w)K
_ PRL 94, 182002 (2005), PRD 82, 011101 (2010)

X (3915
( )\f Observed by both Belle and BaBar in vy — J/¢w
PRL 104, 092001 (2010), PRD 86, 072002 (2012)

BaBar: /7 = 0" = x(2P) candidate

PRD 86, 072002(2012)

Difficulties (see, eg., S. L. Olsen (2015), F.-K.Guo et al. (2012)):

@ Too narrow: 20 MeV (measured) versus ~100 MeV (expected)
@ Not seen in DD (expected as dominating mode!)

@ Unnaturally small 23P»-23P; mass splitting

@ Strong OZI violation: large BF in OZl-suppressed J/¢ w mode

Search for alternative x.o(2P) candidate in ete™ — J/1 DD annihilation ]
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Analisys
Method
ete™ — J/YDD, D=D"Yor DT
MreC(J/waD) = \/(peJre* — Py — PD)2

o J/p—{ete ,utu~}
@ Both D° and DT used:
o DY 5 {K—nt Kontn= K nta% K—nTntn~} (4 channels)
o DY 5 {Kt K—atat Konta® K—atatal KOntntr—}
(5 channels)
@ Signal and background separated using the MLP neural network
@ Global optimization of the selection requirements: 4 variables per D
channel (signal regions in M ;/,, Mp, Myec(J/1, D) and MLP output
cutoff value)

Resulting sample: 103 events with 24.9 4+ 1.1 4 1.6 background events
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Analisys

Signal fit
Amplitude analysis in 6D phase space: {Mpp, Oprod, HJ/w, Ox+, ¢1—, dp}

2
S@ = D Y A re(@)Ax (Mpp)
Apeam=—1,1  X*
Ap=—11

Resonance: Ax+ — relativistic BW,

Non-resonant amplitude: CREES
Axe = VFppMpp), = X* + NR + b
_ _ 3 14- g
Fpp(Mpp) - non-resonant form factor, © o
1] - .

default model: Fyp =1 S L NR amplitude and
Model: X* + non-resonant contribution @ oF background

6
Jre Mass, MeV /c? Width, MeV Significance 4
ot+ 3862725 2017157 9.1c I|

2 S FLLL =t T o e
2t+ 3879129 1717129 8.00 d Fag VIR
ot+ 37917 1487108 8.00 0= 2 _5 . 5 o5 6
ot 3883129 227 1201 8.00 M, GeVic?




Analisys

JPC = 0+t versus JYC¢ =2t

Approach: Toy MC pseudoexperiments generated in accordance with fit
results for JP¢ = 07+ and 2+ and fitted for both hypotheses

80

Value in data

70F
60F
50¢

Pseudoexperiments

400
30k
20¢

10-
O:

) 40
A(-2In L)
Result:

o JPC =21+ excluded at the level 2.5¢ including systematics
o JPY = 0+ with CL=77% (default model)
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Analisys

X*(3860) versus X (3915) — the fight for x.(2P)

Theory X (3915) | X*(3860)
Jre 0+t + +
3854 MeV/02 (Ebert et al.)

Mass 3916 MGV/02 (Godfrey et al.) = +
Width Broad (I' ~ 100 MeV) — +
Mxea(2P) "M o (2P) 0.6..0.9 _ 4

mXcQ(IP)_m}cO(IP) e
BF(DD) Large — +
BF(J/¢ w) Small - +

In addition, X*(3860)
@ is produced similarly to x.o(1P) (Belle (2004))

@ agrees with the peak in vy data with M = 3837.6 4+ 11.5 MeV/c? and
I =221 4+ 19 MeV
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Analisys

X*(3860) versus X (3915) — the fight for x.(2P)

Theory X(3915) | X*(3860) |
JFC o+t + 4
3854 MeV/02 (Ebert et al.)

Conclusion: X™(3860) wins!
‘ BF(DD) ‘ Large ‘ — ‘ + ‘
BF(J/¢w)
In addition, X*(3860)

@ is produced similarly to x.o(1P) (Belle (2004))

@ agrees with the peak in vy data with M = 3837.6 4+ 11.5 MeV/c? and
I =221 4+ 19 MeV

Small
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Conclusions

o A new charmoniumlike state X(3860) is observed
o M = 3862725 M9 MeV/c?

o ' =20175% £5% MeV

o JI'Y = 07" favoured

X(3860) = good x(2P) candidate
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Conclusions

o A new charmoniumlike state X(3860) is observed
o M = 3862725 M9 MeV/c?

o ' =20175% £5% MeV

o JI'Y = 07" favoured

X(3860) = good x(2P) candidate

Thank you for your attention! i}




Event selection

Criteria
|dr|< 2cm and |dz|< 4 cm

o 'PK/7T =Lg/(Lx +L:) >0.6

Kgs candidates:

° |Minv(7r+77_) - MK?;| <15 |\/|eV/c2

@ the distance between the two pion

tracks < 1cm

the transverse flight distance from IP
> 0.1cm

the angle between the K¢ momentum
direction and decay path in z — y
plane < 0.1rad

7o candidates:

| Mino(7y) — My, | < 15 MeV/c?

DO decay
channels:
Q@ Kt
Q@ K K*
Q@ K nrntrt
Q Kintr™
Q@ K ntr0
Q KYKTK~
Q Kgﬂo
Q@ K Ktnnt
9 Kgm+7r*7r0

D™ decay
channels:
Q@ Knn~
Q Kgﬂ'_
@ KUK+

D* decay
channels:

O Dort

1/14



Calibration of v|gRr energy

Analysis of the process ete” — D®+D*-

et ISR D®

Method:
e partial reconstruction;
e reconstruction D*, mgow and
YISR;
Miecoil (D)) = \/(Ec.m. — Epey)? =P, P
AMecoil = Mrecoit (D™ 1sR) — Mrecoit (D) T g10y)

e

L 1000}
8 a0 SpeCtrum of Mrecoil(D*'YISR)
wn 600F
. 222 Miyecoil (D)) = \/(Ecm - ED(*)’Y)2 - pQD(*)’Y
01 1‘.2 114 1618 2 22242628 3
MO V) Gevic®
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Calibration of v|gRr energy

Correction of ~gr energy

The same process on the other

reference channel

recoil (J/¢7T+7T_)
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The recoil mass M

NSR

)
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ete™ — (28

L9/ A9D LON

aun(W(2S))

2

rect

Conclusions:

phokhara generator describes the

second radiation correction correctly
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Analysis

The recoil mass M,ecoil(D*YisR)

before correction g energy after correction ~ysg energy
S 1000F S 1000F
[} [}
O] 800F o 800
o 600 o 600
S S
S 400f S 400t
P4 P4
200F 200
.
0 = 0

1 12141618 2 222426 2.% 3 1 12141618 2 22242628 3
M_ (DY) Gevi/c? M_ (DY) Gevi/c?

rec rec

cut:

| Mrecoit(D*isr) — M(D*)| < 300MeV/c?
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Analysis

Backgrounds

@ Combinatorial background under the reconstructed D)+ peak
© Real D®T mesons and a combinatorial 7o
© Both the D*)* meson and 7, are combinatorial
Q Reflections from the processes ete™ — D)+ D*~ 70~ op
where the 7 is lost
© Contribution of the ete™ — D(*)“LD*_W?ast
where the hard 7, is misidentified as v sg

ete” —» DTD*™ ) ete” — D*TD*~ )

0.14 015 016
AMrec GeV/c?
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Analysis

Mass spectra

45 5 55 6
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S 400° ﬂ% ete” - DTD*" | 2 Mﬂ ete” - D*'D* |
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Analysis

Reflection from the processes ete™ — D®TD* 71055

ete” - DD | ete” - D**D*~ |
B 300/ ﬂ# 3 3001,
= + =
) x & 200§ 4
N N
3 200/, + 3 )
b oo
é 100+ ﬂ"m § 1007 4,4, ;
L “*” H, o L AR %W‘W oot
0 w‘w“«i \:ﬁf“:ﬁﬁw‘”“w"*“w& 0 %ﬁé“&m”',‘__“ o M.‘ . --.-‘M"o.-
4 45 5 55 6 4 45 5 55 6
MMD'D™)  Gevic? MMD D7) Gevic?

Background (blue points) from
ete” — D(*HD*_?T%SS’YISR
is evaluated from the isospin-conjugated process
ete™ = D(*)OD*_W;;SS'YISR

. . 0 —
with the reconstruction of D®*), Tgow aNd VISR e



Analysis

Backgrounds
ete” —» D*fD*~
© ©
g = M(D*)| g = AM
= X = M(D )J = X = recj
400 - 00T .
[aV) -
S S
G 2
IS S 400t
2 &
W 200
200
ol oot RO AN .. NS SOP SSOE S
2.02 2.03 0.14 0.15 0.16 0.17
M(D") GeVvic? AM GeVvic?

rec

f= fSigna| + fbackground
fbackground :04'\/5' (1—|—ﬂgj—|-7m2)
Mpg (1).(3) = 0.58 - Mgy g + 0.53 - My ¢ — 0.307 - Mg, p
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Analysis

Backgrounds
ete” — DTD*"
o \ IS \
3 e -
=1000 x =M(D )J s X = AMec J
o T}
X S
2 S
S a2
> c
W 500 L%
0 1i8 ‘ ‘1.‘85‘ — l.‘9 o ‘1.95 . 0.15 ‘ ‘ ) ‘ 0.‘16 ‘
M(D") GeVvic? AM™ GeVic?

f = fsignal + fbackground
fbackground :04'\/5' (1'1'5‘1'4"7'%‘2)
Mig (1).(3) = 0.5+ Myp g + 0.5 My, ¢ — 0.25 - Me, p
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Analysis

Cross sections calculation

ete” - DTD*™ J
‘o 0.01fF
% " oy + + A
= 0.0075 T f FA ’r++ +
o 0.005- . .
I total efficiency _ dN/dM
Z0.0025|- Oete~—»DH)+D*~ = 3 (M)-dL/dM
0“4 22 44 46 a8 5
M(D'D")  Gev/c?
ete™ = D*TD*~ J
~ dN/dM - mass spectrum,
S 0.01H, .+ i
%ﬁw,&w—tw&ﬁ - .
S0.008 TR Mot - total efficiency,
0.006 -
5 .. _ . N
Ro004f total efficiency dL/dM - differential luminosity;
Z0.002F
Of 4.25 45 475 5
M(D™ D") Gev/c?
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alysis

< 4.25GeV /c?

M(D*+D*)

4.1 <

< 4.1GeV/c?




The summary of the systematic errors in the cross section calculation.

Analysis

Source DTD* | D**D*~
Background subtraction 2% 2%
Reconstruction 3% 4%
Selection 1% 1%
Angular distribution — 2%
Cross section calculation 1.5% 1.5%
B(DX) 2% 3%
MC statistics 1% 2%
Total 5% 7%
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Analysis

Signal fit

2

: (1)

S@ = > |3 A (@) Ax- (M)

Apeam=—1,1  X*
Aee=—1,1

Here, Ay, ... A, (®) is the signal amplitude calculated using the helicity formalizm
(the phase space @ is 6-dimensional). For resonance, Ax+ = relativistic
Breit-Wigner. For nonresonant amplitude, Ax+ = \/Fpp(Mpp), where
Fpp(Mpp) is the nonresonant amplitude form factor (Fp5 = 1 by default).

Alternatives: mass dependence of NRQCD prediction for ete™ — 1x. [PRD 77,
014002 (2008)], Fpp = M154D [Victor Chernyak, based on PLB 612, 215 (2005)].

1.2

— Constant
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Analysis

Signal fit results

Fit results in the default model. For the 27T hypothesis, there are three solutions
(fit is started 1000 times from random initial values in order to check for that).

JPC | Mass, MeV/c? | Width, MeV | Significance
0t 3862135 2017121 9.10
2t+ 3879170 171712 8.00
ot 3879717 1487158 8.00
2t+ 3883138 227208 8.00

Red dashed line - only background and nonresonant amplitudes, blue solid line -

X*, JPC¢ =0t

Events / 50 MeV/c?

14 /14



	Introduction and motivation
	Analysis
	Cross sections
	Angular analysis
	Summary
	2
	Introduction
	Analisys
	Summary
	
	backup
	Event selection
	Calibration of ISR energy
	Analysis


