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LHCD

LHCb Measurement of x_,(3872)

[Phys.Rev.D 102 (2020) 9, 092005]

of the x.1(3872) state

Abstract

A study of the lineshape of the y.1(3872) state is made using a data sample
corresponding to an integrated luminosity of 3fb™! collected in pp collisions at
centre-of-mass energies of 7 and 8 TeV with the LHCD detector. Candidate y ., (3872)
mesons from b-hadron decays are selected in the J/¥nT7~ decay mode. Describing
the lineshape with a Breit-Wigner function, the mass splitting between the .1 (3872)

and 1(2S) states, Am, and the width of the x.1(3872) state, I'pw. are determined
to be

Am = 185.588 = 0.067 & 0.068 MeV |
I'pw = 1.39 £0.24 +0.10 MeV,

where the first uncertainty is statistical and the second systematic. Using a Flatteé-
inspired lineshape, two poles for the x.1(3872) state in the complex energy plane
are found. The dominant pole is compatible with a quasi-bound D°D*? state but a
quasi-virtual state is still allowed at the level of 2 standard deviations.
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LHCb Findings

« Breit Wigner fit
M., (3872) = 3871.695 & 0.067 & 0.068 + 0.010 MeV

[PRD 102 (2020) 9, 092005]
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LHCb Findings

« Breit Wigner fit

My, (3872) = 3871.695 + 0.067 £ 0.068 £ 0.010 MeV
Tew = (139 £0.24 +£0.10 MeV e 2O 200 P
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Flattée Model Overview

dBr(B — KD°D™) 1 gk

[https://arxiv.org/abs/0907.4901]
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bound states

virtual states

l2?0.9—

J/yrtrt Lineshapes
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LHCb Lineshapes (incl Resolution)

Original lineshapes
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7.3 Comparison between Breit—Wigner and Flatté lineshapes

Figure 4 shows the comparison between the Breit-Wigner and the Flatté lineshapes.
While in both cases the signal peaks at the same mass, the Flatté model results in a
signifcantly narrower lineshape. However, after folding with the resolution function and

adding the background, the observable

distributions are indistinguishable.
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O Injection equipment 0
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. B J-so
g = -\\\ ek = |
High Luminostity (HL) 1-10% 2.0 - 1032
High Resolution (HR) 2 -10° 2.0 - 103t 34
Phase 1 Mode (P1) 5-10° 2.0 - 103 84

@ E,,, = 3872 MeV
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What can PANDA do?

Due to precise beam resolution
— Breit-Wigner and Flatté-model are distinguishable!

original lineshapes
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Production Cross Section Estimate y.,(3872)

Cross section a(pp — x.1(3872)) yet unknown
Estimate from B(y.,(3872) — pp) via crossing symmetry

41
Relevant publications
a) Eur. Phys. J C73, 2462 (2013) (LHCDb):
B(X — pp) <0.002 - BX—J/ptr*m) with B(X—J/ptr* ) > 3.2%
— O'(p[:_) —> X) ~ 81 9 nb (< 535 nb*) * using BR(X — J/munt) < [100% - sum of all

other lower limits BR] = 20.9% as UL
b) Phys. Lett. B 769 (2017) 305-313 (LHCb):
B(B* — XK* — ppK*) / B(B* — JIwK*— ppK*) < 0.002
« with B(B* — J/yK*— ppK*) = 2.2:10°6 and B(B* — XK*) < 2.6-10
— o(pp — X) ~21.7 nb (< 46.9 nb**) ** using BR(B* —XK*) = 1.2-107* from
] Belle paper PRD 97 (2018) 1, 012005
« with B(B* — XK*— ppK*) < 5-1079
— o(pp — X) ~ 24.6 nb (< 53.3 nb**)

Using o(pp — X) = 50 nb (default from our publication)
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Our X-Scan Paper: The Missing Part

« Subjects of investigation in EPJ A 55 (2019) 42
— Analysis of: pp — X.1(3872) — J/ly (— e*e=/ p*p-) p°(— 1H1T)

1. Breit-Wigner model: Precision Al'/I" of width [ measurement
(as function of o, HESR mode and I')

2. Flatté model: Mis-1D rate to identify bound/virtual state
(as function of oy, HESR mode and Flatté-energy E;)

« What we did not investigate yet:
— (How well) can we distinguish Breit-Wigner and Flatté model?

— We will catch up for that now!

K. Gotzen Resolve Nature of xc1(3872) with PANDA 11



Key Parameters from EPJ A 55 (2019) 42

Reconstruction of: pp — X.(3872) — J/y (— e*e~/ y*u-) p° (— m*1m)

Signal (average J/y —» ete—and J/y — p* ) 13.7%
_R_eco_ Non-resonant background (") 2.9 %
Efficiencies :
pp — multi-hadron background 2.8 1010
BR(J/y — e*e?) 5.97 %
Branching BR@J/@ — p*u) 5.96 %
fractions  BR(p?— 1*mr) 100 %
BR(X — J/y p°) 5%
= Opeak(PP — X) [20,30,50,75,100,150] nb
segt?cs)ﬁs o(pp — J/y 11T non-res) 1.2 nb [PRD 77 (2008) 097501]
o(pp — inelast.) @ 3.872 GeV 46 mb
. HL: L, /dEg, 13680 (nb-d)1/ 168 keV
"gg‘s'gfjt'i%’n& HR : L / dE 1370 (nb-d)* / 34 keV
Pl:Llp, /dEp; 1170 (nb-d)t/ 84 keV
Scantime T 40 x 2d = 80d
o : 50, 70, 100, 130,
Model Breit Wigner Width I [ 180, 250, 500 ] keV
PAIMSIEISY 1< Model Energy E, ] [é%,oé%,S’?%,o’?%?’Mev
K. Gotzen Resolve Nature of xc1(3872) with PANDA 12



Key Parameters from EPJ A 55 (2019) 42

Reconstruction of: pp — X.(3872) — J/y (— e*e~/ y*u-) p° (— 1)

Signal (average J/y —» ete—and J/y — p* ) 13.7%
_R_eco_ Non-resonant background (") 2.9 %
Efficiencies :
pp — multi-hadron background 2.8 1010
BR(J/y — e*e”) 5.97 %
Branching BR@J/@ — p*u) 5.96 %
fractions  BR(p?— 1*mr) 100 %
BR(X — J/y p°) 5%
c Opear(PP — X) [20,30,50,75,100,150] nb
segt?cs)ﬁs o(pp — J/y 11T non-res) 1.2 nb [PRD 77 (2008) 097501]
o(pp — inelast.) @ 3.872 GeV 46 mb
. HL: L, /dEg, 13680 (nb-d)1/ 168 keV
"gg‘s'gfjt'i%’n& HR : L / dE 1370 (nb-d)* / 34 keV
Pl:Llp, /dEp; 1170 (nb-d)t/ 84 keV
Scantime T, 40 x 2d = 80d
vode  EreitWignerwidth T L 00, 560 kev
TR s Model ENeray B i icomessucnn 676,57, 5.21 eV

K. Gotzen Resolve Nature of xc1(3872) with PANDA 13



Scan Procedure Principle (Example)

Example: Breit-Wigner scenario, I' = 130 keV, 20 points, + 0.4 MeV window

120 FHR

T, =130 keV

Iy = 120 &

z8or PANDA -423 keV T -378 keV T -334 keV 1 -289 keV
= MC study
]e0r
2o
s20f
L U T T T T T T T
2
Em - 245 keV 1 200 keV T -156 keV -111 keV1
Re0r
240f
&
s20f
o 0 t
2
i
b=
8e0¢
240f
8
s20f
o oy " ; f ; }
L
Z 80 +111 keV T +156 keV 7 +200 keV T +245 keV1
=
8O0¢
240f
5
320F
of , n ; X n ,
S 801 +289 keV 1 +334 keV 1 +378 keV 1 +423 keV 1
560 F ]
o
040
8
z20f
of \ \ \ n \ . h . ,
29 3 3.1 3.2 2.9 3 3.1 3.2 3 3.1 3.2 3.1 3.2
m{l'T) [GeV/c*] m(I'T) [GeV/ic’] m(I'") [GeV/c®] m(I'T) [GeVic’]

K. Gotzen
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20 ff

AN

PANDA

MC study

0
-0.4-0.3-02 -01

1 02 0.3 04
E - E, [MeV]

[EPJ A 55 (2019) 42]
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We use the following approach:

1.
2.

N Ok

Use key parameters from EPJ A 55 (2019) 42
Generate many (toy) spectra for Flatté (BVW) model

Fit both BW and Flatté to each generated distribution and
determine fit probabilities Pg,, and P

|dentification considered correct, if P > Pgy, (Psy, = Pr)
Count fraction of incorrect assignments — P .
P s (< 50%) measure for accuracy

P.is = 50% means: models indistinguishable

K. Gotzen Resolve Nature of xc1(3872) with PANDA 15



Scan Optimization

« Our paper: Constant time per equidistantly spaced scan point
— Most likely gives suboptimal results

» Questions for optimization (n scan energy points):
— What are the best n energies E_, . to take data at?
— How much data to be taken at each energy E_,.?
« Global optimum: Search 2n-dimensional space

120

* Idea for simplified approach: 100 |
— 40 equidistant energies in defined energy range
— Choose number n_,. of central energy points &/

— Take factor f_, more data there at expense o}
of tails to keep total beam time constant 208

« 2-dimensional (coarse) grid search feasible of

-04-03-02-01 0 01 02 03 04
E - E, [MeV]

events
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Scan Optimization Example (HL)
 HL Mode: Generated with Flatté model (E; = -7.2MeV)

L O
2,700 . E{:{;Wgner flat £.700 - E{:{;;WIQHGF Neore = 12 (Yields scaled
600 600 feore =2.5| | back, only errors
500} s00f reduced)
Fit 400 400}
Example 300 300
200} 200
[ 4 @ [
100F ‘e 100 F
0" 3868 3870 3872 3874 3876 0" 3868 3870 3872 3874 3876
Ecm [GeV] Ecm [GeV]
£ 4 2}
F10° P =22% = 2P =08%
10% — :
2.8 x better
. 107 ¢ o
mis-ID from Flian 10% | A
10000 fits w i
] 10+
1L
I T T T B T S AR |§||||||||||EE| I T S T T T ST B EE A
06 07 08 09 1 0 010203 06 0.7 08 0.9 1
P/xP P/LP
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Scan Optimization Example (P1)

P1 Mode: Generated with Flatté model (E; = -7.2MeV)
o r = i
2 90 Breit-Wigner flat 2 80} Breit-Wigner Neore = 12 (Yields scaled
80 Flatte 7oL Flatte f =25
ok g core — &+ back, only errors
o o reduced)
Fit 50} 50?
5 40F
Example 40¢ :
30F 30F {
n 4 - {
20F 20 H :
7 %{% { % b i 'Il Tl s [e
10} 10F ¢ |31
0 P ® | ¢ | { | | | 0 E | | | ;I T 1 |
3868 3870 3872 3874 3876 3868 3870 3872 3874 3876
Ecm [GeV] E.m [GeV]
= S P -49% uﬂJ
0% U o, 4.8 x better |
mis-ID from
10000 fits 10! W 0l
0 010203 040506 07 08 09 1 0 010203040506 07 0809 1
P/zP P/TP
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Scan Optimization Example (HR)
 HR Mode: Generated with Flatté model (E; = -7.2MeV)

Tz 120F T r
2 [ Breit-Wigner flat 2 | Breit-Wigner Neore = 12 (Yields scaled
100l Flatte 100 | Flatte f =25
i i core = &+ back, only errors
8ol 80| reduced)
Fit 60} 60
Example : i
40 C 40 r } } }
20} # 3! 20} . }_‘_l_jl . M T ; I .
0 : 1 i 1 1 Ii 1 0 : i T TI{& 1\T 1 T 1 I IT_ 1
3868 3870 3872 3874 3876 3868 3870 3872 3874 3876
Ecm [GeV] Eem [GeV]
= |:’mis = 14'2% Yo = 3\ ngis =1.2 %J/o
10% | my 10 : :
M”‘M 11.8 x better W{)
mis-ID from 10? ¢ "
10000 fits  19¢ WWW
10 ¢

ERANIA
0 0102 03 0.4 05 06 07 0.8 0.9 1 0 0.1 0203 04 05 06 07 0.8 0.9 1
P/LP P/LP
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Global Optimization

« Systematic investigation of parameter space (N yres feore)

HL: Flatte(E = -7.2 MeV)
PANDA

MC study

P1: FIatte(El_ = -7.2 MeV)
PANDA

MC study

NN

w fcore

minimum
minimum

g - g ] s

14 16 18 20 22 ° B 8 10 12 14 16 18 20 22
ncore nCOre

5510 12
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Global Optimization

« Systematic investigation of parameter space (N.ye; feore)
Breit-Wigner Flatté (-6.2MeV) Flatté (-7.2MeV) Flatté (-8.2MeV)

HL: BW(I" = 0.3 MeV)

HL: Flatte(E; = -6.2 Me’

HL: Flatte{E; = -7.2 Me!

. . . . HL: Flatte(E; = -8.2 Me
3 PANDA [B,.% 5 PANDA 3 Panpa B, £ 8 PANDA
3 MG study o~ 3 MG study 3 MG study o~ 3 MG study

16 8 10121416182022']

are

e ., " 0
10 12 14 16 18 20 22 10 12 14 16 18 20 22
Neore Nearg

P1: Flatte(E = -7.2 Me’ P1: Flatte(E; = -8.2 Me'
PANDA PANDA

MG study MG study

8 10 12 14 16 18202Eu
are

P1: BW(L = 0.3 MgV}
PANDA

MG study

P1: Flatte(E; = -6.2 Me’
PANDA

MG study

10 12 14 16 18 20 22 © & 10 12 14 16 18 20 22 © 8 10 12 14 16 18 20 22 10 12 14 16 18 20 22 °
ore ore "cora nCOI’B
i HR: BW(" = 0.3 MeV) - HR: Flatte(E; = -6.2 Me! - HR: Flatte(Es = -7.2 Me' e HR: Flatte(Es = -8.2 Me
2 —_ 2 = - 2 = _— 2 = _—
i PANDA r B PANDA r i PANDA 2 5 PANDA
3 MG study o 3 MG study o 3 MG study o 3 MG study

16 8 10121416182022']

are

16 810121416182022']

ore

10 12 14 16 18 20 22 ‘
are

8 10 12 14 16 18 2022':I
ore
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Global Optimization

« Systematic investigation of parameter space (N.ye; feore)

Breit-Wigner

HL: BW(I" = 0.3 MeV}
PANDA

MG study

w feore

10 12 14 16 18 20 22 ¢

are

P1: BW(L = 0.3 MgV}
PANDA

MG study

10 12 14 16 18 20 22 ¢
are

HR: BW(T" = 0.3 MeV)
PANDA

MG study

B8
K. Gotzen

10 12 14 16 18 20 22 ¢
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Flatté (-6.2MeV)

HL: Flatte(E; = -6.2 Me’
PANDA

MG study

10 12 14 16 18 20

P1: Flatte(E; = -6.2 Me
PANDA

MG study

10 12 14 16 18 20
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HR: Flatie(E; = -6.2 Me
PANDA

MG study

are

]
22

22 °
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Flatté (-7.2MeV)

HL: Flatte(E; = -7.2 Me'
PANDA

MG study

e R 4,
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P1: Flatte(E; = -7.2 Mg’

MG study

10 12 14 16 18 20

HR: Flatte(E; = -7.2 Mg'

MG sludy

L

ore

10 12 14 16 18 20 22“

Flatté (-8.2MeV)

HL: Flatte(E; = -8.2 Me'
PANDA

MG study

10 12 14 16 18 20 22 °

ore

P1: Flatte(E; = -8.2 Me!
PANDA

MG study

10 12 14 16 18 20 22“I

ore

HR: Flatte(E; = -8.2 Mg’
PANDA

MG study

8 10121416182022':I

ore
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"Intersection”

intersection plot: HL
PANDA

MG study

8 101214.16182!’.'!22l:I

are

Intersection plot: P1
PANDA

MG study

8 10 12 14 16 182022“I
are

intersection plot: HR
PANDA

MG study
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Global Optimization

« Compute global intersection plot of all 12 input cases

Intersection plot of 12 input cases

=

core

«  Global optimum from plot o PANDA s
_ MC study

Neore = 12 3.5 0.96

fcore - 2.7 0.94
3

0.92

55 0.9

0.8B8

2 0.B6

0.84
1.5

0.8B2

1 0.8

6 8 10 12 14 16 18 20 22

nCGI’E
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Global Optimization

Compute global intersection plot of all 12 input cases

Intersection plot of 12 input cases

o 41
Global optimum from plot O PAMrgl?dA 0.98
study
Neore = 12 3. 0.96
f =2.7

core 0.94

0.92
In depth investigation in white

area results in final optimum®* -
0.88
r"core,opt =2 0.86
fcore,opt =2.5 0.84
0.82

* same results from computing
mean or median of N _,./f.ore 1 0.8
6 8 10 12 14 16 18 20 22

nCGI’E
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Parameter Dependent Performance

« Performance across Flatté energy E; / Breit-Wigner [ range

FIatte — BW BW — Flatte
60

hl:n’c&t':qldPA |nd|st|ngU|shabIe (50 50) :'"é ﬁéﬂPA |nd|st|ngU|shabIe (50 50)
50 ___. 1 1 . e i | | —
T T mode. | HL mode
40 j. .................. ................... .................. ................... .................. ............... Pl mode . 40 __ .............................. ............................. .......... Pl mode .
I HR mode - § | | HR mode

30} .................. é ................... é .................. é ................... é .................. ;wmmmé ................... T < — — S ——

P [%]

20 q __________________ ___________________ __________________ ___________________ __________________ ___________________ _____ 20 _ ______________________________ _____________________________ ____________________________

10[

0 985 8 75 7 65 6 55 5

E, [MeV] | | | | T [MeV]
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Parameter Dependent Performance

« Performance across Flatté energy E; / Breit-Wigner [ range

FIatte — BW BW — Flatte
60

hl:n’c&t':qldPA |nd|st|ngU|shabIe (50 50) :'"é ﬁéﬂPA |nd|st|ngU|shabIe (50 50)

50 ___. . . -

T T mode. HL mode
40 j. .................. ................... .................. ................... .................. ............... Pl mode . 40 __ .............................. ............................. .......... Pl mode .
- | HRmode - ~ HRmode

30 _ .................. ................... .................. ................... .................. ................... T 0] S T— — S ——
- | Evenin Phase-1 >90% correct : : :
assignments across full range!

P [%]

20

0] YA S I AN T

5 ; 5 . : : 5 : : : o A -
0—9 86 8 76 -7 65 -6 55 -5 0.1 0.2 0.3 0.4

E, [MeV] I [MeV]

N.B.: For BW I = 1.4 MeV we expect
to find 0% mis-ID in all modes...
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odds ratio

Performance as Odds Ratio

How much better than "indistinguishable" (= flipping a coin or guess)?

ldea: Consider so-called odds-ratio (OR)
_ 0ddsscan correct Wrong = (1 - mis) : I:)mis
— OR = 0dds,, / 0ddsyess = 0ddSyy, / (50:50) = (1 = P ic) * Priie
1
Flatté — BW BW — Flatté

- o e

=P ©

LMC- )

i % ..........................................
10° _ ....... 103 _—
102 E_ ....... 102 E_ .........

10* | HL mode 0F
- e P1 mode S A O S S
'5'"""i"nc£st|nglelJlsh"éb_I.e '('59:’5' )._| HR mode | indistiiguishable (50:50) HR mode
1—9 85 8 75 -7 -65 55 -5 1 0.1 0.2 0.3 0.4 0.5
E, [MeV] I [MeV]
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odds ratio

Performance as Odds Ratio

How much better than "indistinguishable" (= flipping a coin or guess)?

ldea: Consider so-called odds-ratio (OR)
_ 0ddsscan correct Wrong = (1 - mis) : I:)mis
— OR = 0dds,, / 0ddsyess = 0ddSyy, / (50:50) = (1 = P ic) * Priie
1
Flatté — BW BW — Flatté
__:ZZZZZZZZZZZZZZZZZZ;ZZZZZZZZ hnn '9‘ .....
- PANDA gt B _ i
S : At least 10x better than -
10° |nd|st|ngU|shabIe across full rangeI
1071 10° ¢ i
10 “ 1L mode 10 HL mode
RS A A S S S P1 mode P1 mode
_in(‘j_iLSt_lngl[“shabl_lie( 9-50)4 ................. HR mode _L l_ e_(LSO:SO) l_ HR mode
"985 8 75 7 .65 55 -5 B 0.2 0.3 0.4 05
E, [MeV] I [MeV]
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Summary and Conclusion

« Narrow resonances in production reactions suffer from limited
detector resolution

* Interpretation of results are strongly model dependent
« High precisions pp energy scan can overcome this limitation

« Simulation of line shape measurement of x.,(3872) at PANDA
= Different models can be distinguished

« Correct assignment of fit model between 91% and 99.9..% for o
= 50nb in the different beam modes

« At least 10x higher chance to identify correct model than LHCb*

* if their "indistinguishable” means 50:50

* Full (2n-dim.) optimization might even improve performance
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Overcome Detector Resolution with Formation

* Production with recoils dominated by detector resolution (~ MeV)
 Formation reaction — produce x.,(3872) [JP¢ = 1**] w/o recoils

v CIRRC=
G I:_) ‘]PC(Xcl) = 1++

« Measure yield at different E, . | resonance 1 |
| .
« Beam energy spread — resolution | cross section 1™ || | measured
J 2 yield
i-beam : ';' ‘\\
i profile

LHCb Detector Resolution= 2.6 MeV R
PANDA Beam Resolution = 0.05 MeV

' '
' ' N [

E
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PANDA at FAIR

Facility for Antiproton and lon Research

(GSI, Darmstadt, Germany)
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PANDA at FAIR

Facility for Antiproton and lon Research
(GSI, Darmstadt, Germany) June 2018
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PANDA at FAIR

Facility for Antiproton and lon Research
(GSI, Darmstadt, Germany) June 2020
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Atomkerne
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anti-proton
High Energy Storage Ring

production

——
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PANDA and HESR

T 1
RF f stochastic cooling f
barrier bucket kickers

KOALA

SPARC

. Dipole magnet /

[ | Quadrupole magnet H E R /

= Sextupole or steerer magnet Y

[] solenoid magnet e — /
0 50m /

O Injection equipment /
D RF cavity, stochastic cooling devices
/

injecion  PANDA
kicker | /
magnets ]

— - —

EES

stochastic cooling
(from CR) \\ pickups

p.pbar,HI

A/
A/
3
! ;
i L. N
T Tl \ AL
THLU III\I (1]
L, I —A
Sy

High Luminostity (HL) 1-10% 2.0 - 1032
High Resolution (HR) 2 -10° 2.0 - 103t
Phase 1 Mode (P1) 5-10° 2.0 - 103
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& i~

RF
barrier bucket
SPARC KOALA

PANDA and HESR
" | soericcoony

. Dipole magnet

[ | Quadrupole magnet H E R
] Sextupole or steerer magnet

[] solenoid magnet e —
O Injection equipment 0

D RF cavity, stochastic cooling devices

. B J-so
g = -\\\ ek = |
High Luminostity (HL) 1-10% 2.0 - 1032
High Resolution (HR) 2 -10° 2.0 - 103t 34
Phase 1 Mode (P1) 5-10° 2.0 - 103 84

@ E,,, = 3872 MeV
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Importance of Identifying Model
« Model dependence of even high precision measurements
significantly limits gain of knowledge

« Example:
a) Flat earth model: Thickness with Ad/d = 0.1% precision
b) Spherical earth model: Radius with Ar/r = 2% precision

What do we learn from measurement a)?
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