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Anti-Proton ANnihilation in DArmstadt

* Meson spectroscopy
» Light mesons
» Charmonium
» Exotic states:
glue-balls, hybrids,
molecules / multi-quarks
* (Anti-) Baryon production
* Nucleon structure
* Charm in nuclei
e Strangeness physics
» hypernucilei,
» S = -2 nuclear system

PANDA Physics Programme
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Some Advantages of Anti-Protons o o
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Formation:

* Access to all fermion-antifermion
quantum numbers (not in e*e’)

* Access to states of high spin J
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2" Some Advantages of Anti-Protons o
Formation:

* Access to all fermion-antifermion
quantum numbers (not in e*e’)

* Access to states of high spin J only JPC= 1~

* Precise mass resolution in . Resonance
:  Cross Section\g\

formation reactions AR \} .

Measured
Rate
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Formation:

* Access to all fermion-antifermion
quantum numbers (not in e*e’)

* Access to states of high spin J

* Precise mass resolution in
formation reactions

Cross Section [nb]
n

0.75 —
0.5 F
0.25 |
E760/835@Fermilab = 240 keV o ¥ T
3460
PANDA@FAIR ~ 50 keV e tvew)
Ablikim et al., Phys. Rev. D71 (2005) 092002: Andreotti et al., Nucl. Phys. B717 (2005) 34:
BESIII (IHEP): 3510.3 £ 0.2 MeV/c? E835 (Fermilab): 3510.641 + 0.074 MeV/c?
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[Belle, PhysRevLett.91 (2003) 262001]

[T T T ] * The first unexpected states
300 |- M 2200 ] > and the most intriguing one
: 2000 6K events :
200 - 1800 E * First observed by Belle in 2003
Z T ] » Bdecays:B* — K~a 7w J/¢
- 1400 FY% 3871610162019 Mev | ]
100 385 3.86 3.87 388 389 _ _ _
- ] * Both, Belle & BaBar report signal in
- » X(3872)—J/
(o) B 1 l'k-""lll 1 1 1 ] 1 i ( ) \IIY

> X(3872) —D°D* (DDOr® and D°DY)
0.40 0.80 1.20

M I - M) (GeV)
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[T T T ] * The first unexpected states
300 |- M 2200 ] > and the most intriguing one
— [ ~6K events |
- 2ooo;— ®l 2
500 - teoo f b * First observed by Belle in 2003
o 1600 - . . p* * o+ -
i ST i » Bdecays:B — K~w" 7 J/¢
u 1400 1% 3871.61:0.16:0.19 Mev |
100 - 3.85 3.86 3.87 3.88 380 _|
- ] * Both, Belle & BaBar report signal in
B ,,,JJ ] > X(3872)—>Jyy
o | e > X(3872)—DD* (DDr® and DDY)
0.40 0.80 1.20
M( T IT) - M(I*T) (GeV)
_ Intriguing Analogon
* Mass: m(X) - m(D*?) - m(D0?) = "binding energy" of 1.8 GeV 2 GeV
-0.12+-0.1 ?
=_0.12 + 0.19 MeV/c? 019 Mev _
* Width: Upper limit by Belle PION

> Tyagr< 1.2MeV (90% c.l., 2011) Lcey  1Gav

OO
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[Belle, PhysRevLett.91 (2003) 262001]
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[T T T T T T ] * The first unexpected states
300 |- M 2200 ] ] > and the most intriguing one
: 2000 _ 6K events :
o 1800 ¢ - * First observed by Belle in 2003
200 1600 | N .
Z b ] » Bdecays:B* — K*nw 7~ J/i
u 1400 FY% 3871610162019 Mev | ]
100 385 3.86 3.87 388 389 _ _ _
- ] * Both, Belle & BaBar report signal in
B ,,,JJ ] > X(3872)—>Jyy
o ' 1 > X(3872)—DD* (D'DO® and D°D%)
0.40 0.80 1.20
M( T IT) - M(I*T) (GeV)
_ Intriguing Analogon
* Mass: m(X) - m(D*?) - m(D0?) = "binding energy" of 1.8 GeV 2 GeV
-0.12+-0.1 ?
=_0.12 + 0.19 MeV/c? 012+-019 Mev _
* Width: Upper limit by Belle PION
For clarification: Precision measurement of [y:s72) PIO—N®

in the sub-MeV range needed!
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Energy scan of the X(3872)
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Initial Remarks
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* Nature of X(3872)

» Need line-shape and width to understand structure

» PANDA: Fine scan around nominal mass
=> energy dependent cross section

* Analysis goals
» Sensitivity of [ measurement (conventional BW)
» Sensitivity for virtual/bound state (molecular picture)

* Analysis strategy

> Analysis of X(3872) — J/Y(L*{") p°(TttT) channel only

» Full sim/reco => signal + background efficiencies egand €z

» Toy MC scan simulation with assumption for cross sections,
and integrated luminosities, BRs

* Two accelerator modes
» HL (full setup) and HESR (first physics)
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* Lineshapes from Kalashnikova et al. [Phys. Atom. Nucl. 73 (2010) 1592]

* Here only interested in X(3872) — J/y p° | 400
bound |
- FW*W_J/‘I;:.’(E) §
(T(E):( . D(E 5 ;! 300 >
(assuming line-shape as in B decays) ! ool % virtual
(E—Ef s,,K, gakj +ln,,E), E <0, é
. ! P
21K2 I\ F(E) |-100 I
- |E-fpf e ) 0<r<s 3
EE ( R o A e
3 -2 1 0 1 2 3
E [MeV)]
o T(E)=Tyy 1yoE)+ T iyyB) + T, [Hanhardt et al., PRD 76 (2007) 034007]
M—=my;, dm gm)l’,
| N 5 : ! '
mta1/(E) = [ Ln- 27 (m—m,)? +12/4 Flatte energy E; determines

state to be bound or virtual

M—myy dm q(m)l’
F + _—_0 E) = <
mt n.l/t!f( ) = fo 4/;_",? 27 (m —m,)* + 172 /4
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Line-shapes for different E;

Scattering length DD0%*;

Examples always scaled to same f
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max
a E, =-14.0 MeV a E, =-10.0 MeV
2 50 2 50
V21,0 +2E;/g +il'(0)/g & &
a= — : _ ]
(220 + 2E;/2)* + I'(0)?/g> “ bound 0 bound
301 301
Re(a) > 0 : bound state E=-14.0 MeV Eq=]-10.0 MeVv
Re(a) < 0 : virtual state 1 2
Re(a) 104 104
E ] I
: ] /l 0 T T T 10 T | O 0= T T |¥| |
« 10 ! -3 -2 -1 0 1 2 3 -3 -2 -1 0 1 2 3
&a ] / | E-E, [MeV] E-E, [MeV]
5] / I _ E, = -7.0 MeV _ E, = -5.0 MeV
]
01 bound |\ virtual -+ ] virtual - virtual
] 1 . 304 304
_ . >
5y . 1 E, = -7.0 MeV = -5.0 MeV
] investigated 20]
~104 range I /
] : \/ 10-
_:Ia'll_l‘lélI_I1I2II_I1I1H_I1(I)I”_9HI“—8”H_7IHI_6IHI_5 O e 0 T U T T T T T
: E, [MeV] -2 0 2 4 sE_E : r\?eV] -2 0 2 GE-E : I\?eV]
Efyn = -8.56 MeV (With f,=0.00047, f,=0.00271,9=0.137, T ;=1.0 MeV)
Frank Nerling Energy scan of the X(3872) at PANDA 08/06/2016



UNIVERSITAT

FRANKFURT AM MAIN

Reconstruction Part
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Parameter Value

_ BR(J/y — e*e) 5.97 %
Branching . o
Fractions BR(J/L'J gl VI ¢ ) 5.96 /0
BR(p? — 11t 11) 100%
BR(X — J/y p9) 5 % (UL: 6.6%)
Opeak(PP — X) 100 nb (UL: 169nb)
Cross sections  o(pp — J/@ "1~ non-res) 1.2 nb (theory)
o(pp — inelastic) @ 3.872 GeV 46 mb
L, (3.872 GeV) 13683 (nb-d)*
Luminosities
AE,, . (energy prec. w/ calibration) 168 keV (dp/p = 104)
Resolutions AE,, (relative energy positioning) 1.7 keV (dp/p = 10)
AE_ . (HL) 168 keV (dp/p = 104)
AE_ ., (HESRIr) 84 keV (dp/p = 5-10)
Frank Nerling Energy scan of the X(3872) at PANDA 08/06/2016
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Kinematic Distributions
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(after 4C fit applied)
Signal Generic bkgd Non-resonant J/y
= % ' " o R R, U A
3 2 325 L “PANDA’ S 325 5 - PANDA
() - - MC simulation © H . MC simulation
= O 32 s ] O, 3.2 ]
§ Zais S35 ]
£ £
L e - e T S R o N R _
5 pommE
§ 305f o 3.058 ]
= 3 3tk ]
E 2.95+ L .| ) .. L 'I. ) . . . , .. . :, ] 2.95 E e masEmamsmEEEEEEEssesas , T S S S
3.5 3.6 3.7 3.8 3.9 3.5 3.6 3.7 3.8 3.9 3.5 3.6 3.7 3.8 3.9
my(m'm)+m (w'w) [GeV/c?] Mg (m'm)+m_(uw'w) [GeVi/c?] Mg (')+m_ (') [GeVi/c?]

Event type | Description Number of Events

Numbers of generated I pp = /P’ eTem 98000
. p— J/bp® = pTu Tt 100000

events of the different — I pp — J/nTnT — eTe nTw™ (non-res) 100000
Signal & bkgd typeS: pp — J/UrtnT — pTp T (non-res) 99 000
I DPM (J/1 — eTe™ pre-filter) ~ 107 = 9.58 - 10° generated

DPM (J/v — ptp~ pre-filter) ~ 107 = 8.87 - 10? generated
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Final Selection Results = 5,
(after final selection and 4C fit) FRANKFURT A AT

o, T T T T T T T T T [ T T T T [ T T T T3 D) i I T T T T ]

> - PANDA| > | _ PANDA

E 103 3 \J/W —e'e MC simulation_E g 103 - ‘J/W — WM MC simulation_E

o  signal o :

N - non-res ®

@ | generic bkgd @

S 10% i 5

= C =

8 | 8

[ T - ~1q -
i Jjeneric|bkgd | —
scaled . - {mﬂ Il}
1 3 I‘-‘ E 1 l’{
:l A PN R T R S “ a1 L . ) ) ﬂ ) ] L " L L | L
2.9 3 3.1 3.2 3 3.1 3.2
my(e'e) [GeV/c?] my, () [GeV/c?]
| X(3872) = J/u(ete)mta | X(3872) = J/d(ptp)mtRm |
Efficiency l es (%]  €Bgen [1071°]  epnr [%] es [%]  €Bgen (10719 epnr [%] | S:Neomb
Final selection \ 12.2 1.0 2.8 15.2 4.5 3.0 | 2.7:1
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Energy scan part
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Yield Extraction
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Simulated extraction of energy dependent vield:

* Fit signal in J/\yymass
» Removes DPM background
» NR background still present

* Requires sufficiently large J/\y mass window

J/P mass Scanned cross section

) o
wied —
c 2
-
o /W
(&

BNR

BDPM

m, E
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Signal/Background PDF for ML fits

* Softened selection for y*u~(only to define reasonable PDF's)
» Muon PID(p*) > 0.8

» Mg (W) + mg, (TTHm) > 3.65 GeV/c?
* Signal: Double-Gauss
* Background: Parabola

Signal PDF

L I AL B L (VT

PANDA ,‘ N 2.21e+04 = 1.49¢+02
3000  MC simulation u 3.1£0.07

i G, 0.00772 % 0.00007

i o, 0.0457 + 0.0011

counts / 3.2 MeV/c?
o
3

R 3.78 £0.10

e

3.05 3.1

315 3.2 3.25

mfit,cand(u+u-) [GeV/ C2]

counts / 3.2 MeV/c?

Background PDF

C 12 ndf

= e "85/97
35}

Fapn e
30_ a -16.3 £ 0.57]
20f | 1
155 illllli” ey ot I|“! I | |ip!"| ST

i ake 2 npl y i

JEciE
10% ' *
5: N I B R T B

595 3 305 31 315 32 325

mﬁt,cand(l’l u) [GeV/C ]
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20 E_ . scan point within 1.4 MeV window around nominal mass

Scan Procedure Principle (Example)
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cms
nl60
5
_ _ ~ _ =140
g g g g o o
] ] e ; ) 120,
100}

Evernts /(0.016)
s /(0016)
Everns /{0.016)

' PANDA
_—MC study

T
Prob
A

T [MeV]
g

mg [MeV]  -0.019 =0.007
6,10m [MeV] 0.0839

0.0055
427=36

0.147 = 0.028

6.87 =1.99
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: : \ g  E-Ey[MeV]
: ‘ Repeat many times ...
>10_'_"“""""""‘Entries 300
93 PALDA /[ Mean -0.78
: i moan =078 kv | U5
Z. :. : rms = 33.88 keV A ar5tE037
_wi . E i 1 [keV] —1.378 + 3.509
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(11|
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* Extract standard deviation and bias from toy MC fits
* Show relative error rms. /I, and bias ([, - [,)/T, in [%]

Sensitivity

:o\_°: ﬁANIDA —e— HESRr mode
§70 ;--M-G"study ........................................................... — mOde

|b 60_ ........................................................................................................................................................ ]
s |

[_‘ESO:_ ...................................................................................................................................................... _:

< I — 20% @ =90 ... 120 keV:

40 ;_ AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA H L ................ H Eer. AAAAAAAAAAAAAA _E

Relative Bias

5 _--M-G"study ...........................................................

'PANDA |~ HESRrmode

—— HL mode

0"""400 200 300 400 500 1000 200 300 400 500
I, [keV] I, [keV]
08/06/2016
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Distinction of Lineshapes (40 x 2d)

* Extract standard deviation and bias from toy MC fits
* How well can virtual and bound state be distinguished?
* Take uncertainty as 0, .sian — /Ntegrate in mismatch region:
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' ' PANDA

LY (O (W7o Y/

S.
=
c
S n_»
P [%]
&

NS N 5
_9:_ ...... bound ....... + ................. I ,,,,,,,,,,,,,,, ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, .
—9.Jp e T mismateh
L % 1 | :
-10 _'+' ______________________ __________________ I .............. S SR S B
S | f
i Lnns

—o— HESRr mode

—— HL mode

input = E;, [MeV]

S B B | T i —
10 95 —9 85 -8 75 -7 10 95 -9 —85

-8 -75 -7
E;, [MeV]
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* Feasibility study for resonance energy scans at PANDA
» Lineshape and width measurements for X(3872)
» Achievable performance quantified

* Scenario studied exemplariy: 40 x 2d data taking

* Determined sensitivity for BW width measurement
> Sensitivity /Al >5 at = 90 ... 120 keV
> No significant bias (I" - [',)/l", over full range
» HL mode slightly better over investigated range

* Determined sensitivity for molecular line-shape measurement
» Possible to distinguish bound/virtual state
> Py > 95% (all investigated settings)
> Ppgsre > 95% for |E; - E; | = 750 keV
» HL mode better over investigated range

Frank Nerling Energy scan of the X(3872) at PANDA 08/06/2016



( pand

* Feasibility study for resonance energy scans at PANDA
» Lineshape and width measurements for X(3872)
» Achievable performance quantified

* Scenario studied exemplariy: 40 x 2d data taking

* Determined sensitivity for BW width measurement
» Sensitivity /Al >5atl = 90 ... 120 keV
> No significant bias (I - T)
» HL mode slightly better o

* Determined sensitivity for mq
» Possible to distinguish bo (s
> Py > 95% (all investigate QUi
> Phesre > 95% for |E; - E;, |l
» HL mode better over inve L

to study QCD -- hadron
structure and spectroscopy

JOHANN WOLFGANG $3A GOETHE

UNIVERSITAT

FRANKFURT AM MAIN

PANDA will be the facility / ;‘ We WO‘L\G*G
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Thank you for your attention!
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The PANDA collaboration:
~ 520 Members, 69 Institutes, 18 Countries

Austria, Australia, Belarus, China, France, Germany, India, Italy, Poland,
Romania, Russia, Spain, Sweden, Switzerland, Thailand, Netherlands,
USA, UK
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