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PANDA challenges and capabilities

1.- Nucleon structure studies: Measurement of FF in time-like region.

2.- Study the validity of the TDA approach.

3.- Physics cases:

Study of the signal channels: p̄p → e+e− and p̄p → e+e−π0.

Main background channels: p̄p → π+π− → and p̄p → π+π−π0 respectively.

⇒106 times higher than signal in average.

Challenge: Good suppression of pions as background.

4.- PANDA Detector:

High Luminosity: L = 2 · 1032 cm−2s−1

Good tracking system.

Good PID capabilities.

→ SIMULATION

4 / 26

Measurement of p̄p → e+e− and p̄p → e+e−π0 with PANDA,Simulations with BaBar-like framework



Introduction EMFF in time-like region TDA validity Conclusions

Electromagnetic Form Factors
in time-like region
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Electromagnetic Form Factors

Parameterize the hadronic current in the matrix element for elastic electron
scattering and its crossed process annihilation.

Matrix element for e-p scattering:

M =
e2

q2
ū(k2)γµu(k1)ū(p2)

[
F1(q2)γµ + i

σµνqν

2M
F2(q2)

]
u(p1) F1: Dirac FF

F2: Pauli FF

One can define the Sachs Form Factors as:

GE = F1 + τF2

GM = F1 + F2

where τ = q2

4M2c4

GE and GM depend on transferred momentum, q2.

We are interested in the measurement of the Electromagnetic Form Factors, GE

and GM in the time-like region.
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Access to time-like form factors

We can access via the reactions p̄p → `+`−

Cross Section p̄p → `+`−

dσ

d cos θ
=

πα2(~c)2

8Mp

√
τ (τ − 1)

[
|Gm|2

(
1 + cos2 θ

)
+
|Ge |2
τ

(
1− cos2θ

)]

With high statistics one can measure the angular distribution.

Knowing the luminosity one can calculate the diferential cross section.

dσ

d cos θ
=

1

L

d2N

dt · d cos θ

The total cross section can be calculated from the total number of signal events.
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Signal and background simulation

Signal (p̄p → e+e−):

Using the cross section formula for three FF hypotheses:

GE = 0
GE = GM
GE = 3 · GM

Integrating for:

full luminosity (L = 2 · 1032 cm−2s−1)

107 s (∼116 days) of measurement time

Major Background (p̄p → π+π−):

The background cross section is not well known.
A symmetrized model fitting the existing experimental data has been done as imput for
the simulation.
Background cross section known to be 106 times higher than the signal in average.

Minor Background (p̄p → π0π0):

The π0 can decay via Dalitz decay (π0 → γe+e−) and give the same signature than
the signal.
The probability of this possibility is of the order of 10−4 .
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Number of events simulated

Signal: Background:

106 events simulated at each energy for
each hypothesis (GE = 0, GE = GM or
GE = 3 · GM)

For analysis:

q2(GeV/c)2 Expected statistics

5.40 1.07 · 106

7.43 1.24 · 105

7.64 1.03 · 105

8.20 6.47 · 104

11.03 9078

12.90 3204

13.86 1985

16.69 572

22.29 81

q2 [(GeV/c)2] 8.2 12.9 16.7

π+π− 108 108 2 · 108

π0π0 →
γγ + γγ 106 106 106

γγ + γe+e− 106 106 106

γe+e− + γe+e− 106 106 106

1 event - 2 s cpu time → ≈ 6 cpu years in
only 1 machine for 1 channel background
simulation.
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Reaction reconstruction

Event selection: Combinations of e+e− candidates per event

PID cuts:

PID-
e
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epemGeGm3.3000GeVSP-359.rootepemGeGm3.3000GeVSP-359.root

(0) Charged particles

(1) Very Loose (VL) > 20%

(2) Loose (L) > 85%

(3) Tight (T) > 99%

(4)
Very Tight (VT) > 99.8%
+ 10%/detector

Kinematic fit cuts - (CL):

E and p have been measured for each track.
4-constraints fit (E , p, m, r0) performed with some particle hypothesis
(e, µ, p, π and K).
Calculated the fit confidence level for each hypothesis.

CL(e+e−) > 10·CL(π+π−)

CL(e+e−) > 10−3 → Necessary to suppress the whole π0 background
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Test of background suppression:
p̄p → π+π−
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p = 3.3 GeV/c; q2 = 8.2 (GeV/c)2

Angular distribution of
charged pions:

Background suppression
with cuts:

PID constraints:
2 misidentified pions.

CL and PID constraints:
Background suppression of
108
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Signal reconstruction efficiency
Ge = Gm; p = 3.3 GeV/c; q2 = 8.2 (GeV/c)2
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PID cuts don’t represent a
big suppression in efficiency.

CL cut represents about 50%
of signal reduction.

After combination of PID
and CL cuts the efficiency is
about 40%.
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Signal angular distribution
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Ge = 0;
p = 3.3 GeV/c;
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Realistic statistics: 64 000
events.

Good angular distribution
reconstruction after
acceptance correction.

The acceptance correction
have been calculated using
1 000 000 events and
isotropical distribution
simulation.
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Results for Ge/Gm

Squares and triangles
represent the values
calculated in BABAR and
PS170 experiments.

Our results (for the case of
Ge = Gm) will be distributed
around the red horizontal
dashed line.

The error bars of our
calculations (only statistical)
are represented by the yellow
band.

The errors are a factor 10
smaller than those calculated
up to now.
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Validity of Transition Distribution
Amplitudes (TDA)
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Introduction to the TDA approacha:
a

J. P. Lansberg et al., Phys Rev D 76, 111502(R) (2007)

Production of a pion in association with a high-Q2 dilepton pair in p̄p annihilation at
GSI-FAIR

J.P. Lansberga,b, B. Pireb and L. Szymanowskib,c,d

aInstitut für Theoretische Physik, Universität Heidelberg, D-69120 Heidelberg, Germany
bCentre de Physique Théorique, École Polytechnique, CNRS, 91128 Palaiseau, France
cFundamental Interactions in Physics and Astrophysics, Université de Liège, Belgium

dSoltan Institute for Nuclear Studies, Warsaw, Poland

We evaluate the cross section for p̄p → �+�−π0 in the forward direction and for large lepton
pair invariant mass. In this kinematical region, the leading-twist amplitude factorises into a short-
distance matrix element, long-distance dominated antiproton Distribution Amplitudes and proton
to pion Transition Distribution Amplitudes (TDA). Using a modelling inspired from the chiral limit
for these TDAs, we obtain a first estimate of this cross section, thus demonstrating that this process
can be measured at GSI-FAIR.

PACS numbers: 12.38.Bx,25.43.+t

Transition Distribution Amplitudes (TDAs) [1] are
universal non-perturbative objects describing the transi-
tions between two different particles ( e.g. p → π, π → γ,
π → ρ). They appear in the study of backward electro-
production of a pion [2], of γ�γ → ρπ and γ�γ → ππ
reactions [3] as well as in hard exclusive production of a
γ�π pair in p̄p annihilation:

p̄(pp̄)p(pp) → γ�(q)π(pπ) → �+(p�+)�−(p�−)π(pπ) (1)

at small t = (pπ − pp)
2 (or at small u = (pπ − pp̄)

2),
which is the purpose of the present work. The TDAs are
an extension of the concept of Generalised Parton Distri-
butions (GPDs), as already advocated in [4]. The proton
to meson TDAs are defined from the Fourier transform of
a matrix element of a three-quark-light-cone operator be-
tween a proton and a meson state. They obey QCD evo-
lution equations which follow from the renormalisation-
group equation of the three-quark operator. Their Q2

dependence is thus completely under control.
Whereas in the pion to photon case, models used for

GPDs [5, 6, 7, 8] could be applied to TDAs since they
are defined from matrix elements of the same quark-
antiquark operators, the situation is clearly different for
the nucleon to meson TDAs. Before estimates based on
models such as the meson-cloud model [9] become avail-
able, it is important to use as much model-independent
information as possible. In [2], we derived constraints
from the chiral limit on the TDAs p → π and made a first
evaluation of the cross section for the backward electro-
production of a pion in the large-ξ (or small Eπ) region.
Related processes were also recently studied in [10] sim-
ilarly to what was proposed in [11]. In this work, we
apply the same setting to evaluate the cross sections for
p̄p → �+�−π0 in the kinematical region accessible by GSI-
FAIR [12] in the forward limit and at moderate energy
of the meson.

In the scaling regime where Q2 = q2 is of the or-
der of W 2 = (pp̄ + pp)

2, the amplitude for the pro-
cess (1) at small t – or CM angle of the pion θ∗π
close to 0 – involves the p → π TDAs V pπ(xi, ξ,∆

2),

Apπ(xi, ξ,∆
2), T pπ(xi, ξ,∆

2), where xi (i = 1, 2, 3) de-
note the light-cone-momentum fractions carried by par-
ticipant quarks and ξ is the skewedness parameter such
that 2ξ = x1 + x2 + x3. The amplitude is a convolution
of the antiproton DAs, a perturbatively-calculable-hard-
scattering amplitude and the p → π TDAs.

k1 k3

p(pp) π0(pπ)

Mh

�1
DA

p̄(pp̄)
γ�(q)

�3

TDA

FIG. 1: The factorisation of the annihilation process pp̄ →
γ�π into antiproton-distribution amplitudes (DA), the hard-
subprocess amplitude (Mh) and proton → pion transition dis-
tribution amplitudes (TDA) .

The momenta of the subprocess p̄p → γ�π are defined
as shown in Fig. 1. The z-axis is chosen along the collid-
ing proton and antiproton and the x−z plane is identified
with the collision or hadronic plane. We define the light-
cone vectors p and n such that 2 p.n = 1, as well as
P = (pp + pπ)/2, ∆ = pπ − pp and its transverse com-

ponent ∆T (∆2
T < 0). ξ is defined as ξ = − ∆.n

2P.n . We
express the particle momenta through a Sudakov decom-
position :

pp =(1 + ξ)p +
M2

1 + ξ
n

pp̄ =
2M2(1 + ξ)

α
p +

α

2(1 + ξ)
n

pπ =(1 − ξ)p +
m2

π −∆2
T

1 − ξ
n + ∆T (2)
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Transition Distribution Amplitudes new mathematic objects describing the
transition between a barion and a meson.

Useful to calculate cross sections of hard exclusive processes.

Approach valid at higher energies.

Study the validity of TDA approach: Measuring the cross section of
(p̄p → e+e−π0) and comparing it with the theory.
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Signal and background simulation

Signal (p̄p → e+e−π0)a:

W2=5 GeV2 and 10 GeV2 (W2=s)

π0 Forward and Backward
→ 4 simulations
Theoretical cross section calculated for ∆T

π0
= 0...

... integrating over a ∆T
π0

< 0.5 GeV and [Qmin, Qmax ]b

a
Based on J.P. Lansberg Phys Rev D 76, 111502(R) (2007)

b
Values for Qmin and Qmax are shown later in slide 22

Background (p̄p → π+π−π0):

π+π−π0 the same angular distribution as the signal.
We assume a background cross section 106 times higher than signal
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Number of events simulated

Reaction W 2( GeV2) π0 Nevents

B
a

ck
g

ro
u

n
d

su
p

p
re

ss
io

n π+π−π0 5 forward ≈ 108

π+π−π0 5 backward ≈ 108

π+π−π0 10 forward ≈ 108

π+π−π0 10 backward ≈ 108

E
ffi

ci
en

cy
st

u
d

ie
s

e+e−π0 5 forward ≈ 106

e+e−π0 5 backward ≈ 106

e+e−π0 10 forward ≈ 106

e+e−π0 10 backward ≈ 106

E
xp

ec
te

d
st

a
ti

st
ic

s e+e−π0 5 forward 150 000

e+e−π0 5 backward 150 000

e+e−π0 10 forward 6 000

e+e−π0 10 backward 6 000
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Reaction reconstruction

Event selection: Combinations of π0 + e+ + e− candidates per event

Particle identification cuts (PID):

Only 2 tracks (+ and -) and very loose electrons (+ and -) per event
Only 2 tracks (+ and -) and loose electrons (+ and -) per event
Only 2 tracks (+ and -) and tight electrons (+ and -) per event
Only 2 tracks (+ and -) and very tight electrons (+ and -) per event
At least 2 tracks (+ and -) with 2 very loose electrons (+ and -) per event
At least 2 tracks (+ and -) with 2 loose electrons (+ and -) per event
At least 2 tracks (+ and -) with 2 tight electrons (+ and -) per event
At least 2 tracks (+ and -) with 2 very tight electrons (+ and -) per event

Kinematic fit cuts - Confidence level (CL):

CL(e+/−) > 10−3

CL(e+/−) > 10−3 and CL(e+/−) > CL(π+/−)

CL(e+/−) > 10−3 and CL(e+/−) > 2 · CL(π+/−)

CL(e+/−) > 10−3 and CL(e+/−) > 3 · CL(π+/−)

Kinematic region selection (Only for analysis)

Q2 cuts in the region in which the cross section is integrated

∆T
π0
< 0.5 GeV
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Best Cut Selection

0 3 6 9 12 15 18 21
0.00E+00

5.00E+02

1.00E+03

1.50E+03

2.00E+03

2.50E+03

3.00E+03
5 GeV2 – Fw
5 GeV2 – Bw
10 GeV2 – Fw
10 GeV2 – Bw

N cut

S
ig

na
lS

ig
ni

fic
an

ce

Best cut maximizes the
Signal Significance

SSg =
N
Sg
Cut√

N
Sg
Cut

+N
Bg
Cut

EffBg =
N
Bg
Cut

N
Bg
True

; EffSg =
N
Sg
Cut

N
Sg
True

;

N
Sg
True

= 106 · NBg
True

SSg =
EffSg ·NSg

True√
EffSg ·NSg

True
+EffBg ·

N
Sg
True
106

Best cut: Ncut = 5
Only 2 tracks (+ and -) and very tight electrons (+ and -) per event
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Background contamination fraction

W2 Forward Backward
Signal Background Signal Background

Expected number of true events (Calculated)

NSg
True NBg

True NSg
True NBg

True

5 150000 1.5 · 1011 150000 1.5 · 1011

10 6000 6 · 109 6000 6 · 109

Efficiencies [%] (From Simulations with high statistics)
EffSg EffBg EffSg EffBg

5 43.28± 0.05 (2.0± 1.8) · 10−6 34.09± 0.05 (1.0± 1.4) · 10−6

10 47.24± 0.05 (0.9± 1.3) · 10−6 26.04± 0.04 (2.8± 1.9) · 10−6

Reconstructed events after efficiencies (True·Efficiency)

NSg
Reco NBg

Reco NSg
Reco NBg

Reco
5 64916 3023 51134 1449

10 2834 55 1562 166

Background Contamination [%] (
N
Bg
Reco

N
Bg
Reco

+N
Sg
Reco

)

ContBg, Fw ContBg, Bw
5 4.4± 3.7 2.8± 3.8

10 1.9± 2.7 9.6± 5.8
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Kinematic region cuts

W 2 = 5 GeV2 W 2 = 10 GeV2

Simulation limits 3.61 < Q2 < 5.29 5.76 < Q2 < 9.18

Analysis limits 3.8 < Q2 < 4.2 7.00 < Q2 < 8.00

In addition: ∆T
π0 < 0.5 GeV

N

True

Recocut

Q2min,sim Q2max,sim
Q2min,ana Q2max,ana

Q2[(GeV/c)2]

Corr =
NReco[Q2

min, ana,Q
2
max, ana]

NTrue[Q2
min, ana,Q

2
max, ana]
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Analysis without taking background
contamination into account

Selection cut

Only 2 tracks (+ and -) and very tight electrons (+ and -) per event

Kinematic region cut

3.8 < Q2 < 4.2 at W 2 = 5 GeV2 ;
7.00 < Q2 < 8.00 at W 2 = 10 GeV2;
∆T

π0 < 0.5 GeV

Simulation NTrue w/o Bg NReconstructed w/o Bg NCorrected w/o Bg εrel [%]

5 GeV - fw 72263 ±269 30661 ± 175 72732 ± 433 0.6
5 GeV - bw 72405 ±269 25386 ± 159 73164 ± 488 0.7
10 GeV - fw 1336 ±37 662 ± 26 1319 ± 51 3.9
10 GeV - bw 1313 ± 36 394 ± 20 1312 ± 66 5.0
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Analysis taking background contamination
fraction into account

NReconstructed = NBackground fraction + NReconstructed w/o Bg

Simulation NReconstructed NSignal fraction εrel(NSignal fraction)[%]

5fw 31967 ± 179 30544 ± 1190 4
5bw 26067 ± 162 25348 ± 1601 4
10fw 674 ± 26 661 ± 31 5
10bw 429 ± 21 387 ± 31 8

NCorrected εrel(NCorrected)[%]

5fw 72454 ± 2825 4
5bw 73055 ± 2889 4
10fw 1317 ± 62 5
10bw 1289 ± 104 8
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Conclusions

p̄p → e+e−

The measurement of this reaction with PANDA is feasible.
A separation of GE and GM will be possible.
The error bars are improved in a factor 10 with respect to other experiments.

p̄p → e+e−π0

The first results are promissing and show that the reaction would be measurable with
PANDA.
A first sight on the TDAs will be possible.

Outlook:
More realistic event generators for signal and background are needed.
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Cut number definitions

1 : No additional cuts, only event selection cuts involved
2 : Only one electron and one positron (2 tracks) with Very Loose probability.
3 : Only one electron and one positron (2 tracks) with Loose probability.
4 : Only one electron and one positron (2 tracks) with Tight probability.
5 : Only one electron and one positron (2 tracks) with Very Tight probability.
6 : Cut 5 and Cut 17
7 : Cut 5 and Cut 18
8 : Cut 5 and Cut 19
9 : At least one electron and one positron with Very Loose probability.

10 : At least one electron and one positron with Loose probability.
11 : At least one electron and one positron with Tight probability.
12 : At least one electron and one positron with Very Tight probability.
13 : Cut 12 and Cut 17
14 : Cut 12 and Cut 18
15 : Cut 12 and Cut 19

16 : Confidence level for the fit with e+e−π0 hypothesis greater than 10−3

17 : Cut 16 and Confidence level for the fit with e+e−π0 hypothesis greater than the confidence level of the fit

with π+π−π0 hypothesis

18 : Cut 16 and Confidence level for the fit with e+e−π0 hypothesis greater than two times the confidence level

of the fit with π+π−π0 hypothesis

19 : Cut 16 and Confidence level for the fit with e+e−π0 hypothesis greater than three times the confidence level

of the fit with π+π−π0 hypothesis

20 : Cut 16 and Confidence level for the fit with e+e−π0 hypothesis greater than four times the confidence level

of the fit with π+π−π0 hypothe
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