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OUTLINE

" Lecture 1: The Past and Present
" How it all began (on a parking lot)
" The X, the Y and the Z
" What is ,,beam constraint™?
" Lecture 2: The Future
" Dalitz formalism: how to ,see” quantum numbers

" (Bottomonium: recoil mass, kinematic reflections
— BACKUP)

" Belle Il (ready to take data ?)
" Panda, an X factory! (,,detailed balance")
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Confirmation

of the Z(4430)™"
at LHCDb



Velo RICH1I ~ MAGNET RICH2 MUON System

Tracking Stations Calorimeters
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LHCb Event Display

Run 136734 Event 3832870 bld 1424

5.2.2013 5:30:36



Why forward boost?
Is it a fixed target experiment?
N.B. the precessor experiment, HERA-B,

was fixed target
with wire targets, moved into the beam.
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No!

It is a pp interaction.

So, why is LHCb ,,peaked forward?

1000

[o2]
(=]
o

& (=]
o (=]
(=] o
o b b b b by

N
[=]
o

o

o
~—
—
[«5)

o

35%

angles of the
b quark emission

Soren Lange | Exotic States (Experiment) | SFB 1044 Summer School, Boppard, 08/2017



b quark production at LHCb is dominated by gluon gluon fusion
Vs' = xq X, Vs, average product is 0.1

prefers asymmetric parton momentum fractions
MMHT14 NNLO, Q* = 10GeV?
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LHCb

Cross sections at 14 TeV:

Total
Inelastic
cC

bb

100 m!
80 m|

3.5ml

)
)
)

500 g1

)

remember Belle: 1.2 nb

In 1 in every 200 collisions a
bb pair is produced

needs a clever trigger
(,High level trigger")
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LHCb

pp interaction
(primary vertex)

4’ T

\ F”z#/
\ K-
bhadron L < -

Belle
 Typical decay length of B hadron~7 mm ~200 um
 Decay products with p ~ 1 — 200 GeV 1-4 GeV

Advantage: high momentum
detector materials don‘t have to be very thin!

Soren Lange | Exotic States (Experiment) | SFB 1044 Summer School, Boppard, 08/2017 12



VELO

1T

1 event every 25 ns
(40 MHz bunch crossing)

LHCb

s

Fig Wil W

W g
T1 T2 T3

Outer tracker station

-~ - -
—

Average # of tracks in b-events:

34 VELO,

33 long,

19 T tracks,

6 upstream,

14 downstream 1

106 reconstructed tracks

Uli Uwer, Heidelberg
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Why so many tracks
at LHCb 7
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Events/0.2 GeV?

Confirmation of the Z_(4430)" in B meson decays

BY > K= /nT
N——

' ! ! resonant state?
20k LHCb, PRL 112(2014)222002
significance >13.90
100_ P_1+ :
i Jr= established
_ (other JP rejected by >9.70)
0 16 18 | 2 — - 4-dim Dalitz Fit
2(aiy 2 2 2
m(‘PW )/Gev @Z (MKﬂ?MJ/lbW’QJ/Qp’sO)
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25176+174 events
factor 10 more than Belle
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LHCb, PRL 112(2014)222002

ARGAND PLOT: resonant character of Z™ states
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phase motion 180°

ReT

positive Im(T) only
phase motion not 180°
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K. Peters,
arXiv:hep-ph /0412069

D. Bugg,
EPL 96(2011)11002



Why a Breit-Wigner has counter clockwise phase motion.

m m3T _ m2T?
QT o

ml’
s — mAH)iml (s —m?2)2 + m2I2 m?)? + m?2I"?

* PDG convention
Belle and LHCb convention is minus

_ 9b Ga
N=1 S M]?’;W + iv/sI'pw
PDG, Review , Resonances”, 2016 version, p. 8

pole
My
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Howto determine

the quantum number
of the Z(4430) ?
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DALITZ
FORMALISM



Example: decay of a scalar to 3 scalars

Py My Constraint DOF
3 four-vectors 12
P,M Py, My masses m;, m,, my fixed -3
Ps My Energy and momentum conserved —4
rotational invariance (Euler angles) -3
2
17
[ ("'I"l’“’"z)2 ]
g L -b—=<----F----- (M-m,)? ]
Sel- B . . .
g | (M-my? 1 Kinematics fully determined
E4 . by 2 variables!

’n§3) min

=
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3-particle kinematics, mapped onto Dalitz space
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Dalitz plot example: p E - KKmn

kstg / 150

0.5

P B
0.5 1 1.5 2 0.5 1 1.5

K*(892) K,*(1430)

Angular distribution

OO Ol

N — O|

N — Of —

1
cos? 6

(C082 0 _ %)2 M. T. Lakata, Ph. D. Thesis,

University of California Berkeley, 1998
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Why do we ,,see”
angular distributions

in m2 distributions
in a Dalitz plot?

Soren Lange | Exotic States (Experiment) | SFB 1044 Summer School, Boppard, 08/2017

25



O Le
ANGLE
B y

f(mAB:mBC) _— fS(mAB:mBC) X 5(mAB:mBC)
+ fe(map,mpc)

COMPLEX NUMBERS

fs(map, mpc) L LTRA ?

signal density in Dalitz plot
(number of events in a bin) Polarisations
e.g. .=—1,0,1 for J=1
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T¢i(map, mpc) =
1
Mm%, — s — imrliot(SR)

Flw . ple. (p_M)LM . (p_R)LR Ty

™mar \/SR
—

_J
' Angular

dependance

Formfactors

Momenta in the center-of-mass frames
Momentum dependance enters explicitely |
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Formtactors
often: Blatt-Weisskopf barrier factors

FP(z) =1
1 \/1+Zg
(2) = T2
2
5 V22 + 320+ 9
F &) =239

/28 4628 + 4520 + 225
234622+ 452+ 225

F3(2)

Here z=r?p? with a scale parameter representing
the radius of the centrifugal barrier and usually set to
R~1.6 (GeV/c)™!, which is R~3-4 fm. For z; we use
pro Which is the R resonance daughters momentum cal-
culated for the pole mass of R.
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Width (in the Breit-Wigner Term)

D m
['(sp) = [o(—=)*r+t £ . p2

PRO vV SR

(again, using Blatt-Weisskopf)

Soren Lange | Exotic States (Experiment) | SFB 1044 Summer School, Boppard, 08/2017

29



Angular dependant term

Ty = d3y (VaB)

where J is the spin of the R—AB resonance and Y4p
its polar angle ("helicity angle”). df,, are the Wigner D
functions, which for \’=0 can be expressed by the spher-
ical harmonics

dio: 47
2J +1

(_1))\1/J—)\

and for A=0 and \'=0 by the Legendre polynoms

diy = Pj(cosdsp) .
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legendre polynomials

1 |
05
= 0 -
o
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J is spin of resonance R

Ny
h
bJ

o NN NN FE E R =R OO O

T\

1

cos> (Yac)
(cos*(Vac)-1/3)?
1

1

sin? (19;10)
cos®(Vac)+1/3
cos’(Vac)+1/3
(cos(Vac)sin(Pac))?
1
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Dalitz plot example: p E - KKmn

kstg / 150

0.5

P B
0.5 1 1.5 2 0.5 1 1.5

K*(892) K,*(1430)

Angular distribution

OO Ol

N — O|

N — Of —

1
cos? 6

(C082 0 _ %)2 M. T. Lakata, Ph. D. Thesis,

University of California Berkeley, 1998
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It J,.../—=1, then distributions change

05 1 1.5 > 0.5 1 15 2

K*(892) K,*(1430)
we reach K* by L=0

34



Constraint DOF

. 3 four-vectors 12
B — IP Km masses my, m,, my fixed -3
(search for Z(4430) IS [ll) J'E‘]) energy and momentum conserved —4
Scalar — Vector Scalar Scaler I‘Otationa| invariance (EUler angleS) _3

vector helicity 2

4

a helicity angle "
1

requires 4-dim analysis!
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If more than 2 variables: Dalitz plot shape becomes
a function of the 3rd or 4th variable ...

.
o
S
[0)]
&
<
[&]
= i
(o] =
= z
0.4
0.6
13 il 0 T O O D -0.8
05 1 15 2 25 3

M2 (K'n"), GeV/c*

FIG. 5: cos# as a function of the Dalitz plot variables, where

0 is the angle between the helicity axes for K7 and myc1
intermediate resonances.

Belle, Phys. Rev. D78(2008)072004
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Legendre decomposition of Z(4430)+ data (,,model independent”)

LHCb, Phys. Rev. D 92(2015)112009

dN lmax
— Z(PJU)PJ,- (cos Opc-o)

7=V ? moments"”

d cos 0«0

20000

% 18000 §}++ + :

= 16000 F et ++ 3

select a certain bin in m(Ks) = oo s 443
12000 - + Fag

- + o ¢ +

10000 - AR 3

. - . 8000 |~ =
find the decomposition in 5000 E- E
: 4000 - =

!_egendre polynomials 3 E
In COS(HK*) 0—1"”—{;.5”"6””0?5”"9'1

this works, because it is an orthogonal system
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Let's assume, we established J=1 for a charged Z state

by Legendre polynomes in the angular distribution
here: Belle, PRD 78, 072004 (2008)

i
ig

T

1

LI

cos 0,
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'

How to determine, that the Z state has JP=1+1 ?
(positive parity)

B — K Z(4430)
0- — 0— 1(+ or -)

is a weak decay.

Parity may be violated!
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Solution:

B — K Z(4430) is a weak decay
but

/(4430) — vy is a strong decay
parity conserving !

need to check the angular distribution
of the y (or the m)
in the rest frame of the Z state

1- 0—in S-wave — 1+
1- 0—in P-wave — 1- (or 0— or 2-)

42



Interlude: interference in a Dalitz plot

Nf
8
NE.S
plots by “§
A. Palano, =
E
S. Neubert
see also book
»Physics of the
B factories"
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An easy way to see that the Z(4430) is 1+.

m%p.n- [GeV?]

||
FH- ||||||||||||||T

(N9
M'U. 'I'|||||||||||||||.|.!

Q
o
<

m?2
: : K
No sign of interference.

We know that the K* is 1-.
If the Z(4430) is J=1 and there is no interference, then 1+ !
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significance is higher, it destructive interference

Events / 0.024 GeV/c?

Interference plays an important role:

is allowed in the fit

40 ~ 200 -

] Belle | 0 | BABAR
35E } - preliminary
30 - v 150
25 =
20F 3, 100
3
10 iy c 50

3 Fi v
g ] L.J++l|llli 1 -:‘llzl:]"'l"l--l...l..x ded m D
%.6 3.8 4 42 44 46 48
M (x.,n"), GeV/c? N
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A final remark about Breit-Wigner

relativistic non-relativistic
ml’
4wl r/2
_ : A=
s —mAHml Vs —m+il/2
PDG convention
A2 m21"> B F2/4
T (s —m2)2 +m2I? J_(\/__m)2+F2/4

not Lorentz invariant,
but sufficient in many cases
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Almost all the observed, narrow Z states
are JP=1

Why?
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Pentaquark decay




The P(4450) pentaquark
LHCb, arXiv:1507.03414
Phys. Rev. Lett. 115(2015)072001

5 tightly bound 1 baryon + 1 meson
quarks 3quarks  quark/

| anti-quark
pair

MeV|  P_(4450)"

Mass 44498 + 1.7+ 2.5
X1 (1P)p  4448.93 +0.07
ATDY 4457.09 +0.35
2 D" 4459.9+0.5

».D'n" 44527 +£0.5

800

Events/(15 MeV)

400

200

LHCb

4.0 4.2

4.4

P R "
46 48 50
M0 [GeV]

26007+166 A} candidates

Ap — K [J/y p]
several thresholds
in the vicinity

resonant
character

Rl RARATRALSS Saasd nsasananas basas annsestannssan

ImA*
(=]

P.(4450)

| LHCb -

PSP YT PV PUVYN YUY FYUVY IVPTY POTTL FOVTY PTTIIVAY.
“-0.35 -0.3 -0.25 0.2 -0.15 0.1 005 0 0.05 0.1 0.

Re Af
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Similarities of ,tetraquark” and ,,pentaquark”

BO — K- ' ot A — K=J/yp
Phys. Rev D80(2009)031104 Phys. Rev. Lett. 115(2015)072001
- | > 26 =
[ O I ]
o 24 .
20 [ B ]
o | T 22 —

M*(Km) (GeV*)

ccu d (minimal content) — Z(4430)"
ccuud (minimal content) — P(4450)"
similar mass (?)
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Why is LHCb better
for the pentaquark
than Belle 117

Reminder: decay to J/vy p.
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Mt. Tsukuba

- —

=R

-—-'SuperKEKB a'syrhmétric meson factory, e+ e- — BB
= adjusted to Y(4S) resonance, vs=10. 6 GeV 2 -
different ‘'beam energies - : FILL '
- 8GeV. = 7 Gb.Vi_ower emlttance) B s
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PP === == == ===~

Luminosity

Peak Luminosity Trends (e‘e collider)

SuperKEKB

=
g
!

=
[
T

luminosity

X

1990 2000 2010
Year

2020
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Background increase x factor 10-20

BoNC 2 Dp 25 M I8 Bet ) Eher 5.00 Eler 3.50 Dote 1031120 Time 90822
Erer 800 Ber 350 Dote 1031120 Time G0381 BELLE IITr';dD ODetver 1 Magll 21 BField 1.50 DspVer 7.50
BELLE TrglD ODetver 1 MaglD 21 BField 1.50 Dspver 7.50 Prot(ch) 0.0 Elot(gm) 0.0SVD-M 1CDC-M 2KLM-M ©

Piot{ch) 0.0 Elat{gm) 0.050=-M OCLE-M 2ELM=M O

Trigger rate ~400 Hz (Belle) — 30.000 Hz (Belle II)
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Installation of 100 new LER Dipole Magnets Wl

ol

field measurement move into tunnel
Installation of 100 new LER
bending magnets done carry on an air-pallet
install done 4= |npstall over
~ " % HER magnets

SuperKEKE Status, 7th BPAC, Mar. 11, 2013, K. Akai

Soren Lange | Exotic States (Experiment) | SFB 1044 Summer School, Boppard, 08/2017 56






Super

J)<=<= Nano-Beam Scheme

Belle — Belle Il KEKB (without crab)

Luminosity x 40
L < 0.8x103% cm—2 st

T 22 mrad 100um:___a__.a,m
crossing angle

SuperKEKB

originally proposed for SuperB

o — / by P. Raimondi (INFN
83 mrad — | fm (INFN)

CrOSSing angle graphics E. Paoloni (Pisa)
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IP Profile for Belle and Belle Il (,,nanobeam*)
100pm(H) x 2um(V) —10um(H) x 59nm(V)

y A
Brec Momentum

B, daughters

Beam spot

\ 4

Production point —
¥4 5 Bag Vertex
SR

Bizg momentum
S &

: ]
o keep in mind:
time dependant evolution

e
=

-15-10 -5 0 5 10 15 20
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Belle Rotation 03/2013

for larger crossing angle 22 mrad — 83 mrad (nanobeam)

18.6 cm @ end of platform (accuracy 0.5 mm)
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SuperKEKB/Belle Il schedule

)|endar Year 2016 2017 2018 2019

JFY2016 JFYRO17 JFY2018 JFY2019
Summer |shutdown Summef shutdown Power saving Summer [shutdown
(power saving) (power paving) after mid July 2p18 (power saving)
1 1
s BlEEs? | wnsete I
phase 1o seler | (mid Feb? - mid Jul. 2018) | phase 3
- - -
' w/ Final focusing quads :
: c : / Belle 1l (no Vertex Detector) -
VR ctart Insdtallt?qtlon of ﬁn?c! foc%smg qlua éﬁ - i phase 3 operation
up and other renovation or acceleragor LER start : : 9 months / year

Shutdown f}or

amping Rir_‘%'!ertex Detector
ommissioningystallation!

Damping Ring installation & startup

today



@ KE K Inter-University Research Institnte Corporation
: High Energy Accelerator Research Organization

Press Release

First turns and successful storage of beams in the SuperKEKB electron and positron
rings

March 2nd, 2016

High Energy Accelerator Research Organization (KEK)
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Beam Current [A]

o O o o O

Phase | operation history

max. stored beam current 870 mA (HER), 1010 mA (LER)

red: beam current purple: vacuum pressure
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<O The Be”e || Detector (Upgrade of the Belle Detector)

CsI(TI) EM calorimetér ————ceeags - 7.24m_ . RPC u & K counter:
waveform samp v_n_scintillator + Si-PM

ling™™_ _
electronics, it et I‘End—caps‘_h
pure Csl '
for end-cap

e

———d

Iy
1
i
i
]
]
I
I
I
1

g S

=z

4 layer inner tracker —, S8
2 layers PXD
(DEPFET) +

4 layers DSSD

smaller cell size,
long lever arm

8renkov Counter +—
Jdime-of-Propagatian
Jcounter (barrel),

¥ Proximity focusing:

¥’  Aerogel RICH (forward)

| Belle Il Technical Design Report: arXiv:1011.0352 |



| Technical Design Report, arXiv:1011.0352 | v
SIDE VIEW
N kiase Barrsl Forward s
Belie i KEM

KL | Super conducting coil | KLM
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2 A ' ¢De go )
N f\svo  PXD@layers) | | fristie: : B
v ] & o D
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||—' ik ] w
' = i\ SYD — T
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Aluminum sheet

KLM

replace RPCs

by scintillators

total area ~1400 m2
16.800 readout fibres

Optical glue

TiO, reflector

Scintillator:

polysteren
+ 1.5%PTP + 0.01%POPOP
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B-KLM Installation

ol i ﬂ‘;ﬂf ' e W, completed 11/2013
. b T RPCs exchanged
- S ; k\ S==p o by scintillator
B :ﬁ, \ Yoo k'i_,_.__a #4 in endcap and

2 inner layers in barrel
. ;""i}l"l" ¢

During installation, modules
have been checked, found to
be healthy.

The 15t New Detector{ Instafied

—
v - s L :

ey L e " 4
— - A R, —

mm .
ST Y T —
- - B

——

Soren Lange | Exotic States (Experiment) | SFB 1044 Summer School, Boppard, 08/2017



CDC (Charged Drift Chamber)

wire stringing finished (01/2014), 51456 wires

Present CDC . I
Belle ..oiiiniininis B
Tt :. Lttt 2
*% R R T S PR M PRI DL D

1200 mm
tracks are =20 cm Iong?r
. S ‘-:,".',"..'.'.'.'.-.',-.."-‘ :

Upgrade CDC
Belle ” ....:.:-:-:::Z.ZE-'..'.Z §
| el
Improved resolution:
o(pr)/pr =
0.19 p+ @ 0.30/p (Belle)
0.11 p+ @ 0.30/p (Belle I1)
dE/dx 6.8% — 4.8%
68
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CDC transport from Fuji Hall to Tsukuba Hall, 21.01.2015




New Belle Il Vertex Detector

* 4-layer SVD
R = 3.8, 8.0, 11.5, 14 cm
* 2-layer PXD
R=1.4,2.2cm
* Beampipe
R=1.0cm

40 PXD modules
250 x 768 pixels

— ~8 x 10° pixels
50 x 55 um, d=75 um
>1 MRad per year
Vertex resolution in beam direction:
improvement factor ~2

50 um — 25 um
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Belle Il DEPFET Pixel Detector
Univ. Bonn, DESY, Univ. Giessen, Univ. Géttingen, Univ. Hamburg, Univ. Heidelberg,
KIT Karlsruhe, Univ. Mainz, HLL Munchen, MPI Minchen, LMU Miunchen, TU Miunchen




DEPFET Principle

|
isource top gate drain clear bulk
|

T E— [ |
i ne 1
—n

~——4nternal gate

e
W

symmetry axis
L
I\
50 ym

v
rear contact eter Fischer (Heidelberg)

every pixel contains a p—FET (on n-substrate)
clear can be operated at high rates (30 kHz at Belle Il)
then current flows to drain and is measured by an ADC (ASIC)

Belle Il PXD has ~8 x 10° pixels
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TOP (Time-of-Propagation Counter)

Radiator: Quartz reconstruct Cherenkov
1 P ~400mm angle from

Fa . (X,Y)

20mm " time of propagation

Lincar-array type Z = | —
photon detector

W o w9 o dofa

Side view of crystal

Fangesd parache

EC Chedenkowangke
crystal

W\~

Liite o R v

* Photon detector: Hamamatsu SL10 MCP-PMT 0
" At<50 ps
" single photon sensitivity
= operated in B=1.5 T field

= Estimated kaon fake rate factor 2-5 smaller than Belle

(@ 95% kaon efficiency)
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Mirror

wit
vacuum




Laser in TOP module
Photo: K. Inami (Nagoya)




TOP installation finisned (06,/2016)

‘1,3»-
Modules form a selfis SPRQITIT

LT L




16.05.2016 First night after ,strongback” support were removed
— a Mb5.4 earthquake with epicenter in Ibaraki prefecture !
http://earthquake.usgs.gov/earthquakes/eventpage/us10005hqy#executi

ve iTOP motion - Center of span

0.350
0.300
Target for TOP has been
%20 to keep deflections
0.200 3 | under
| +0.5 mm

=
LN
=

Dis&lacene’e nt gnm}t
; 2
=
(o]

|
\{Y\
W oA

050
-0.050 V T
-0.100
-0.150 . . . . . . .
b o™ o o™ o™ b o o™ o™ o
%Tg“ I g g o q-;ff‘“"ﬁg q:’f"'gg RN A
—Top (mm) —Bottom (mm)
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' L
. 17.05.2016 One day after earthquake !

—__ G7 Science Ministers visit Belle I
_ =




Final focusing quadrupoles (QCS) installed at IR,
55 superconductlng coils, 2 cryostats

T ] T8 =

SuperkEKBE — L BEIRIA
BEWWREL AT L




E L-_--—--_‘-_‘-‘-__-'_‘_

ROLL-IN, 11.04.2017










PANDA

X(3872) factory
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Charmonium(-like) Production in pp collisions

" X(3872) has 14+ (C=+)

" In ete- collisions only JP¢=1—— can be produced directly
in pp collisions any quantum number

2 gluons: 0—+, O++, 2++ 3 gluons: 1——, 1+—

P C p €

D c P ¢

= 2 mechanisms:

Formation pp — X(3872)
Production pp — X(3872) + meson(s) @ higher energy
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(no parking lot)
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FAIR (Eacility for Anti-Proton and lon Research)
Helmholtz Center GSI Darmstadt (Germany)

What's
that ?

SI15100/300

df Rare lsotope
wh { Nz Production Target N
/e Y /i ’4
#f? /e | )/ Super-FRS
/4
=~ Antiproton

_ _ Production Target
Atomic Physics

Plasma Physics / " NS
& FLAIR
\IN==

_——-—-"_-_-_-_-
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HESR (High Energy Storage Ring)

Gy, For Anti-Protons

& o

" oy
‘4
&

l Dipocle magnet

® Quadrupole magnet

B Sextupole magnet

2 Solenoid

= spacer for skew quad

O spacer for snake solenoid
m injection equipment

{fram SIS18)

High intensity mode

o lollp
* dp/p ~10™* (stochastic cooling)

=TT E s gy
-~ m”"r
=gl |- Fg e

/
L
o
A

““wﬂrlm e W
\ ,

) m High resolution mode
N% = PANDA 105
ecool TN T g p
ﬁ_‘f@ N 4 . ép/ N10-5 _ l
& WL P (e~ cooling)
...... R\I‘i B N
5 om Internal targets
= *L=2x10%2cm™2s™"
directionof 4 & \ « H_Pellets
%, \_antiprotons /& C|2 tor iat
., o * Cluster je
%‘"*m.....w““#‘ at start-up planned * Nuclei: Be, C, Si, Al

l=1x 1031 cm—2 5!
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Question:

what's that large dipole magnet
behind Panda good for?
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Micro Vertex Detector GEM Detectors
Central Tracker Mini Drift Chambers

- Targetsystem
Solenoid =)

Shashlyk Calorimeter

e

i

Disc DIRC ™

Muon Detection

EM Calorimeter

~12 m
Barrel DIRC
Target spectrometer Forward spectrometer
Bz=2T Dipole B-L =2 Tm
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TOF Wall
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Panda B Field Maps
. 3

B field in kG od

==

_B mod y=0 plane | B mod

HITHY
W
X
N
v }
o
é.
B
g

|

III|HI|IH‘III|HI|I
W
<
7~~~
N
d !

2: Bz(z)
-200 0 +300
z/cm

-beam deflection for p,_.,=15 GeV/c
4.2 cm @ z=6m (end of dipole)
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Question:
why is the HESR an ,,accelerator”
and not (only) a ,storage ring" ?

Soren Lange | Exotic States (Experiment) | SFB 1044 Summer School, Boppard, 08/2017
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The Panda Pellet Target

Here: WASA Target
d=25 um
fall speed > 60 m/s

Tmm
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Anti-proton beam momentum p<15 GeV/c

— V/s<5.5 GeV

access to states higher than 5 GeV |

not available in Belle Il (B decays) neither at Besll!

B=2 T (high!)

fixed target
— high p_of tracks (boosted)

NO TRIGGER

full reconstruction online
with interaction rate 2 x 107 /s
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Panda is a fixed target experiment

\/g — \/2?’)’&% —+ 2mp \/pgeam -+ m}% Homework

Poeam | GeV/c|y/s /| GeV|Resonance
1.064 3.006 | J/¢

6.234 3.686 |y

6.571 3770 |y

6.991 3872 |X(3872)
7.277 3.010  |Y(3940)
7.705 4040 |p"

8.685 4260  |Y(4260)

Bems=0.89 (very high!)

[v=1.95

$v=0.43 (Belle), 0.28 (Belle II)
4

Beam operators ,,tune” antiproton momentum
energy (for resonance scan) is a non-linear function
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X(3872)= J/y m* w Event, PandaRoot Simulation

Targetpipe

l Targetpipe
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PandaRoot Framework Simulation
X(3872) - )/ ynt w

TPC digitization, v =)/ 4 o
MVD Silicon Tracker dlgltlzatlon Mark 11, 1973

XYZ coordinates / cm

0

e

BV A S e e
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How can we estimate
cross sections at PANDA ?
DETAILED BALANCE.
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Candidates/(6.0 MeV)

B+ — [charmonium]K™ decays, with [charmonium]%pg
LHCb, arXiv:1303.7133 [hep-ex|, Eur. Phys. J. C73 (2013) 2462
LHCb, arXiv:1607.06446 [hep-ex|, Phys.Lett. B769 (2017) 305

-
I

[a—
=
(WS

=
b

10

= I i ' . ' I | =
= Jy S
- EECD X(3872) 7 7
5 w(2S) =
- Z, chn(ZS) —
_ """" t L % e V =
: ||! | "l‘r | || | ::_-: ! I| II| i !:f ‘!' 1T i '. I " : | | ||:|| i || ] I
_ r | | I [ ||||II " | I||:|:: I
3000 3500 4000

M, [MeV.
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Remember Breit—-Wigner?

From PDG, his is SQUARED
Review Section , Kinematics" (there IS No ”i“ anymore)

The spin-averaged Breit-Wigner cross section for a spin-J resonance produced in the
collision of particles of spin S7 and S5 is

(2J + 1) @ BinBoutFEot
(251 +1)(2S2+1) k2 (E— ER)2+T2,/4°

opw(E) = (46.55)

where k£ is the c.m. momentum, E is the c.m. energy, and Bj, and Bt
branching fractions of the resonance into the entrance and exit channels. The 25 + 1

PEIA
B
k is wave number,
for a matter wave .
z
“X R h

Y

T T
g—?gﬁi—z
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The (squared) Breit-Wigner formula
relates the cross section

and the branching fraction.

N.b. this is more a ,,coupling strength”
out time-reversed it gives a
oranching fraction.

Soren Lange | Exotic States (Experiment) | SFB 1044 Summer School, Boppard, 08/2017 100



Branching fraction

Cross section for p p -> X(3872) of X(3872) as
detected in Panda
spin X(3872) Branching fraction
* X(3872) -> ppbar

4
(2)+1) T (i) -

T (25 41)- (28 +1) K (B — M2 +1-2/4

L f

spin spin width of X(3872)
proton antiproton unknown!

(we need a trick)
. \/Ecm2 —4m3
4
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How do we know cross sections © EAN DA ?
— Detailed Balance

Production
@ Panda

olpp — X(3872)] = opwlpp — X — all|(mx (3s72))
=1

",

(27 +1)-4x  BX(3872) = pp) - BX(3872) = f)-I§ (garz)

— rrrt?x(ssm} —4mj 4(mx (3s72) — mxma*rz})g +I )2{(3872)
-0
(J:l} 3 . 4?1.- - A
= 5 - B(X (3872) — pp) N
X (3872) P
Decay

© Belle, BaBar, Bes3, LHCb

Trick: if sitting on the resonance, the width cancels out
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Cross Check for J/y from E760 Paper

30, T ) —
S8t RIS el SOX

%

- - o]
5] @ S

Events / Luminosity (nb)

wm
T

0 L
3.024 3.095 3.026 3.097 3.098 3.099 3.1
nominal Ecm [GeV]

Events / Luminosity (nb)

Crosscheck of detailed balance with data from E760

Cross Check for Lp_' from E760 Paper _
DRErH B Del STX

o - - - 1 - B .
3.682 3.683 3.6B4 3.68B5 1.6B6 3.687 3.688 3.689 3.69
nominal Ecm [GeV]

Data points from E760, Phys. Rev. D47 (1993) 772
blue curves from detailed balance (LHCb as input)

M. Galuska (Giessen)
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Table: Peak cross sections a';%:ﬁ] for pp — R assuming Breit Wigner distributions with constant
small width I'g.
Res. R J | Massm[MeV] B(R — pp) .;;rF'“_"‘_ﬂ +erm. fr. B(R — pp)+ em. fr. mg
-Jll"i,f-r{15} 1 3096.916 = 0.011 (217 +0.07)-107° 5256017 £0.00 ub
¥(2s) | 1| 3686.10970% | (276+0.12) 10" 402+ 18+ 4nb
n:(18) 0 2981.0x11 (141 +017)-10~ 1.29+£0.16 £ 0.00 ub
n(18) | 0 2981.0 £ 1.1 (1.32+0.19) - 1073 1.21+0.17 + 0.00 ub
ne(2s) | o 3638.9 + 1.3 (1.85+1.26)-10 93 + 63+ 0nb
n(28) | 0 3638.9+ 1.3 (312+1.65) 10 <157 + 83 + 0nb (95% CL)
yollP) | 0 | 341475+0.31 (223+0.13) -107* 134.1+ 7.8+ Onb
he(1P) | 1 | 352541+016 | (895+521)-107* 1.47 £+ 0.86 £ 0 ub
he(1P) | 1| 352541:0.16 | (168+005)-107 < 2776+ 87 + 0nb (95% CL)
x(3872) | 1 | 3871681017 | (531+0.00)-10" < 68.0+4.0+0.0nb (95% CL)
X(3915) | ? 3917.5+2.7 (27 £10) - 10° / not isolated
[

y

Let's assume 50 nb (conservative)
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Cross sections at EAN DA

L =1 x 1031 cm™2 s71 (start-up phase)
1 nb=1x10"x 10724 cm?
1 nbl = 1033 cm™2

L=0.01 collisions per nanobarn and per second

for 1 nb production cross section
0.01 * 3600 * 24 = 864 events per 1 day

for X(3872): estimate 50 nb

43.500 per 1 day

Decay into J/ymm (assume 5% branching fraction)
— 2160 events per day (in Panda start—up phase!)
Belle recorded ~150 events in ~10 years
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End of Lecture 2
Thank you!



Backup
Slides
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Bottomonium-like
States
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RECOIL MASS

mp = \EF — pg (1)

where * indicates the center-of-mass system.

In a two-body system: p% = —pp and Ej+Ep=+/s.

(back—to—back in cms)

(Vs - E3) = pi 2

This implies: the mass of B can be calculated from mea-
surements of A only. B does not need to be measured.

— sometimes also refered to as ,,missing mass"
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T(10860) T(11020)
mass (GeV)  |10.876 & 0.002]10.996 =+ 0.002
width (MeV) 43+ 4 37+3
¢ (rad) 2114012 | 0.12+0.07
PDGC mass (GeV) |10.865 + 0.008 [11.019 % 0.008
PDG width (MeV)| 110+ 13 9+16 |
EE: 'D‘.E:: . |:
05 .
0.4} —ﬁ
i '
oot # d
f H,{{r*’r ]
{].2_—
| not observed at LHC yet
" v(as) (only CLEO, Belle, BaBar)
{]_Zuu.|||| ..I.|||I|||.I.|I||||:|
10.6 1{]? 10.8 10.9 11 11.1 IN.2
\s [GeV]

BaBar, 0809.4120[hep-ex], Phys. Rev. Lett. 102(2009)012001
Events ,,tagged” with a B meson (Ntrack23, Evis>4.5 GeV, R2<O.2)
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Y(5S) data taking

KEK-B and Belle changed beam energy to Y(5S)

22 points, 1 fb~1 per point, 5 MeV apart
61 points, 0.5 fb~! per point, 1 MeV apart

investigate [vector — vector 7t 7]
as an analogy to Y(4260) — J/y mt m

.

- wss/

\O .
-

e

Y(nS)
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Y(5S) - X n'n~ reconstruction

j'[+

detected

reconstructed

X

4

@]
W

0~ 17— 1= ot 1+ 2+ o=t 1-— 2=— 3-- 3+- 234%F 3457~

4+

LB B LD LA LN B L I

fe) : 1 1 : |E ' . 1
9.5 9.75 10 10.25 10.5

MM (tr), GeV/c®

A'{miss(X) — \/(Ec.m. — E}?)Q — pi;(_'z_
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Events/5 .’S/IeWc2

40000

30000 |-
20000 |

10000 |

Y(5S) Decays
T+ JT— MISSing mass

_ : Belle, 121.4 fb-!
Elr(sltp(;basﬁgvr?t(lcz)g)Of Phys. Rev. Lett 108(2011)032001
b b

arXiv:1103.3419

Y(28)
l

Y(1S) | | h,(2P)

Y(2S)—Y(1S)

Y(3S)
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Advantage of recoil mass technique:
reconstruction of decay (final state particles)

on recoil side not required
— 100% reconstruction efficiency
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Resonant substructure of

Y(5S)-Y(nS) ntn

(n=1,2,3)

Soren Lange | Exotic States (Experiment) | SFB 1044 Summer School, Boppard, 08]/2017



Y(5S) — Y(nS) mt+m-

(n=1,2,3)
J—) M+M_

oeF @)
10.4 | ST

M(u*w), GeV/c®

10.2F

10 F

9.6 F

9.4F

- reflections

i S . . L I':"._" S "(‘.‘.' , N
9 9.5 10 10.5
M (x'), GeV/c? .16
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Y(5S) — Y(nS) st+m-

(n=1,2,3)
S -

10.6 [

10.4 F

M(u*w), GeV/c®

10.2F

9.8 F
- Reflections

Y(5S)

— Y(2S,3S)nm

- Y(1S)ntmr

9.6 F

9.2F

9 9.5 10 10.5

M ("), GeV/c? 17

Soren Lange | Exotic States (Experiment) | SFB 1044 Summer School, Boppard, 08/2017

miss (



REFLECTION

Y(55) = Y(35) my " mym = Y(1S) mot iy oyt omy;
Y Y
monoenergetic monoenergetic

Y(3S) — Y(1S) Y(5S) —=Y(3S)

Now we combine Y(1S) with 5™ 7y~

gives a (wrong) peak!
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(Events/5 MeV/cz)

Y(2S)mtor =

GELLE

100 -l T LI I L 1 T T LI T I 1 1 LI I T LILI T T L I T 1 T |- ° 100 -| T LI I T LI 1 I T LI I T 1 L L I T LI T I 1 T I T 1 T |-
I 1 signals . ]
80 - ]‘ . 80 [ .
60 [ - 60 [ -
a0 [ . 40 |- .
20 | } | 20 [ -
- reflections | :
%901 102 103 104 105 106 107 108 %1 102 103 104 105 106 107 108
M(Y(2S)x*), GeV MY (2S)x), GeV

100 _l LELIL I T LI T I LI I LI I UL I L L L L ||||_

—_ : (e) ]

v 80 7

~ B -

A .

S 60 [ 1

N [ ]

~ r i

/2] | |

- 40 B _

[ - 1

0 i .

g 20 ]

0 B d EE3 26 % NS KK N e e e e m e . ]
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A different type of reflection

T(5S) — Y2S)r nw~ Y(5BS) — TRS)r 7
Y(55) — ZTm Y(5S8) — Z

7zt = 1) 7= = Y@

m from Z decay is monoenergetic (in Z rest frame),

because of two-body kinematics

7w from T(5S) decay in case of Z~ is monoenergetic,

because two-body decay and initial energy is fixed

— [Y(25)7 " (from Y (5S5) decay)| combination gives a (wrong) peak
Solution: the one (the other) 7 is high (low) momentum

— "identify” the pions (subsscript "max”)

Side remark: the pure observation of these reflections tell us,

that there is a Z7 and a Z~
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Events/ (10 MeV/&)

M (¥ (18)n) ., GeV'/c*

Y(5S) =Y (nS) n*n Dalitz plots
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Soren Lange | Exotic States (Experiment) | SFB 1044 Summer School, Boppard, 08/2017



Summary of Z, parameters

Thresholds (PDG)
BB* 10,604 GeV
B*B* 10,650 GeV

Final state T(lS)WﬂLTr— T(QS)T[--FT[.— T(?)S)ﬂ'-'_ﬂ'_ hb(lP)Tr+7r_ hb(zp)ﬂJrﬁ_
MI[Z,(10610)], MeV/c* 10611 £4+3 10609 £2+3 10608 £24+3 10605 275 10599751,
I'[Z,(10610)], MeV 2234+ 7.7700 242431130 176+3.04+3.0 114755730 131049

M|[Z,(10650)], MeV/c? 10657+ 6+£3 10651 £2+3 10652+ 1+2 10654+£31,  1065172+3

I'[Z,(10650)], MeV 16.3+9.8750  13.3+£33730 84420420 20975321 1947+l

Rel. normalization — 0.57 £ 0.2115:435 0.86 £ 0.1115:98 0.96 £ 0.147002 1.39 £ 0.375552  1.61555 0g
Rel. phase, degrees 58 + 43f§ —13 £ 13J_rélg7 -9+ 191@}3 187f?f§ﬁ2 1811“?8;“_7%9

The two charged states are observed in 5 decays channels.
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Reminder:
any of these results
were only possible
because of one reason:
we have factor >103
too many events ...
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I[Y(5S)=2nnY(nS) ]is huge

Y(4S)>nxY(1S) .
1
477 fb inter S as m
1/ €grq any
N0225_ R RRRAR RS AR RN AR R RLRAE 20timest tedforynevents
%‘ _ Y(4S) — Y(1S) vt 1/10"7 the C?e data & S
G200t . °Sssectio
S175L onh-resonance L
5150 - 8L
@ c
e I o Y(5S)2>nnY(1S)
c o 21.7fb-" ¢
bt 2S # E ':g ggg : () punn caindidates in the'f(18)—>p*u‘§region g ;
< g : ‘ W K 1
50 [ ] S 200F ' c—fl
: 4S | 2 150F L -
25| ; S 10f ! o
2 30 3 :
%3 04 05 0.6 0.7 0.8 otg 1 1.g 1.2 1.3 E Y 0.6 0.8 1 1.2 14 )
AM (GeWcz) AM = M(upnr)-M(uu) (GeViet)

Belle Phys. Rev. Lett. 100, 112001 (2008)

Phys. Rev. D75(2007)071103
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Not only Y(5S) -» Y(1S)=x is large,
but also Y(5S)- Y(2S)nn

"g 140 £ (b) ppnn candidates in the Y(2S)-u "1 region
o 120Eiy(3s)  ivqs) 7Y (58)"
O 100 f: : :
c 80 :
S aof: Y(5S)—>Y(2S)nn
> 40 Large!
2 W :
R S TR T R R ¥ R ¥ A
AM = M(pprr)-M{up) (GeVie?)
“l; ggg (a) urr candidates in the Y (1)’ "region
: - 'Y " (58)"
3250 :YI:ES] ELY[SS] E"IHS] : (98)
(=] - ’ :
s fgg  Y(5S)->Y(1S)nn
=) ] Large!
~ 100 |
g 50 :
e 0757 06 08 1 1z 14

AM = M(uuzn)-M(up) (GeVic?)
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