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PANDA:  Phases  of  data  taking	

Reduced  
detector  
setup	

L  ~  1031  cm-‐‑2s-‐‑1	

L  ~  1032  cm-‐‑2s-‐‑1	

Full  
detector  
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Ø  Differential  cross  section1    of  signal  reaction	
            	
	→  Access  to  the  time-‐‑like,  electromagnetic  form  factors  of  the  proton,	
	  |GE|  and  |GM|  :	

	
  	
	

Ø  Measurement  of  differential  cross  section  (angular  distribution)	
Ø  Simultaneous  determination  of  |GE|,  |GM|  (respectively  R)  in  the  time-‐‑like  
domain  starting  from  a  squared  momentum  transfer  of  q2  =  5.1  GeV2/c2	

Ø  Determination  of  the  proton  effective  form  factor  and  the  integrated  cross  section  	
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Time-‐‑like  electromagnetic  proton  form  factors  
  @  PANDA  Phase-‐‑1	

1)  A.  Zichichi,  S.  M.  Berman,  N.  Cabibbo,  R.  GaTo,  Nuovo  Cim.  24,  (1962)  170	
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Ø  Access  the  unphysical  region  via 	 	 	        ,  where  no  data  exist  so  far	

	  	
	
		

Ø  Form  factor  measurements  with  different  final  states:  	
Ø  First  time  measurement  with  muons  in  final  state	
Ø  Test  of  radiative  corrections  	
Ø  Consistency  check  of  proton  form  factor  data	

  	

	
 

with 

Time-‐‑like  electromagnetic  proton  form  factors  
  @  PANDA  Phase-‐‑1	
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pp→ ℓ+ℓ− ℓ = µ,e

Ø  Strong  hadronic  background,  mainly	
	 	 	 	 	 	 

pp→ π +π −

Ø  M.  P.  Rekalo,  Sov.  J.  Nucl.  Phys.  1  (1965)  760	
Ø  C.  Adamuscin,  E.A.  Kuraev,  E.  Tomasi-‐‑

Gustafsson  and  F.E.  Maas,  Phys.  Rev.  C  75,  
045205  (2007)    	

Ø  Feasibility  studies  by	
  J.  Boucher,  M.  C.  Mora-‐‑Espi;  PhD  thesis	

σ (pp→ π +π − )
σ (pp→ ℓ+ℓ− )

∝ 105 −106$% &'

pp

Feasibility  studies  needed  	
for  all  signal  channels!  	

Ø  Feasibility  studies  for  electron  channel  by  D.    Khaneft  (PhD  thesis),  A.  Dbeyssi  et  al.;  	
E.W.  Singh  et  al.:  EPJA52,  325  (2016)	

	



                  	
Feasibility  studies:  time-‐‑like  proton  form  factors  	

	  at  Phase-‐‑1	

Study  of  the  statistical  and  total  uncertainty  on  
R,  |GE|  &  |GM|,  |Fp|  and  σ	
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pp→ ℓ+ℓ− (ℓ = e,µ)
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PANDA  Phase-‐‑1:  first  data  taking  phase  with  reduced  luminosity  and  reduced  
detector  setup  	



Feasibility  studies:  time-‐‑like  proton  form  factors  @  Phase-‐‑1  
Monte  Carlo  Simulation  Studies	

Standard  chain	
Simulation  &  Analysis  	
with  PANDARoot:	

Event  generation	

Digitization                    	

Particle  Identification	

Reconstruction                    	

Event  Analysis              	

Event  selection:	
	
Ø  Preselection:  One  positive  and  one  negative  
particle  per  event	

Ø  Cuts  on  kinematical  variables:  Production  angles  
(back-‐‑to-‐‑back  in  center-‐‑of-‐‑mass  system),  &  
Invariant  Mass.	

Ø  Signal/Background  separation  based  on:	
Ø  For  e+e-‐‑  :  Different  subdetector  information  like  
Electromagnetic  Calorimeter,  Straw  Tube  
Tracker  etc.  contribute  to  particle  identification	

Ø  For  µμ+µμ-‐‑  :  Boosted  Decision  Trees  +  cuts.  
Detector  information  MAINLY  from  Muon  
System  as  e.g.  Fired  detector  layers,  
Identification  Probability,  Iron  depth,  etc.	

pp→ ℓ+ℓ− (ℓ = e,µ) pp→ π +π −
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  pbeam  
[GeV/c]	 1.5	 3.3	

s	
[GeV2]	

5.1	 8.2	



Feasibility  studies:  time-‐‑like  proton  form  factors  @  Phase-‐‑1	
Monte-‐‑Carlo  Simulation  studies	

pbeam=  1.7  GeV/c	

pbeam=  6.21  GeV/c	

J.  Van  de  Wiele  and  S.  Ong,  
EPJA46,  291-‐‑298  (2010)	

pbeam=  5.0  GeV/c	

Ø  Dedicated  event  generator  developed  by  
Mainz  group  (M.  Zambrana  et  al.)	

Ø  Based  on  two  different  parametrizations	

Ø  Legendre  polynomials  fiTing  data1)  
for  antiproton  momenta  in  the  range  
of	

1.5  GeV/c  up  to  2.43  GeV/c	

Ø  Regge  inspired  parametrization  for  
data2)  at  antiproton  momenta  between	

              5.00  GeV/c  up  to  12.00  GeV/c	

pp→ π +π −
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Data  are  from	
1)  Eisenhandler  et.  al.  NP  B96  (1975)	

2)  A.  Eide  et.  al.,  NP  B60(1973)	
        T.  Buran  et.  al.,  NPB  116(1976)	
        C.  White  et.  al.,  PRD  49(1994)	



                  	
  A)  Feasibility  studies:  time-‐‑like  proton  form  factors  @  

Phase-‐‑1	

Study  of  the  statistical  &  total  uncertainty  on  R,  	
|GE|  &  |GM|,  |Fp|  and  σ	
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pp→ µ+−µ−



Signal:	
Ø    L  =  0.1  o-‐‑1  (4  months  at  1031cm-‐‑2s-‐‑1)	
Ø  Sample  with  expected  statistics  :  6.4  x  104  events	
Ø  Assuming  	
Ø  s  [GeV2]  =  5.1  (pbeam=  1.5  GeV/c)	

Ø  Sample  with  high  statistics  for  signal  efficiency  
determination:  >  107  events	

	
	
	
  Background:	
	

Ø  High  statistics  sample  with  1  x  108  events  	
            at  s=  5.1  GeV2  for	

•  studying  background  rejection	
•  including  required  background  subtraction  	

A)  Feasibility  studies:  time-‐‑like  proton  form  factors  @  Phase-‐‑1	
Monte-‐‑Carlo  Event  Generation	

pp→ µ+µ−
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R = GE GM =1

pp→ π +π −

pp→ µ+µ−
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pp→ µ+µ−

pp→ π +π −

10 



Total  signal  
efficiency  ε	

Background  
rejection  
factor	
[10-‐‑5]	

Expected  
S-‐‑B  	
ratio	

0.315	 1.22	 1:8	
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Multivariate  data  analysis  utilizing  Boosted  
Decision  Trees  (BDT)  with  cuts  on  ...	

pbeam	
[GeV/c]	

Minv(µμ+µμ-‐‑)	
[GeV2]	

	
	

[DEG]	

(θ++θ-‐‑)CM	
	

[DEG]	

BDT	

1.5	 ]2.1  ;  2.4[	 ]175  ;  185[	 ]179.65  ;  185[	 >  0.314	

Iris  Zimmermann,  Helmholu-‐‑Institut  Mainz	

11/19	

Iris  Zimmermann,  Helmholu-‐‑Institut  Mainz	
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ϕ + −ϕ −

Background  subtraction  is  required–  how  to  include  this  into  the  feasibility  
study?	
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pp→ µ+µ−

MC  generated  signal  events  	

Reconstructed  selected  signal  events	

Signal  efficiency	

A)  Feasibility  studies:  time-‐‑like  proton  form  factors  @  Phase-‐‑1  
Cut  configuration  &  Signal  efficiency	

Signal  selection:  	
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A)  Feasibility  studies:  time-‐‑like  proton  form  factors  @  Phase-‐‑1	
Pion  background  contamination	

pp→ π +π −

How  to  obtain  the  pion  background  contamination?	
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 Pion  background  contamination	

108  events  were  generated	

TRandom3	
using  f(x)	

q2  [GeV/c]2	 Nphys(µμ+µμ-‐‑)	 Nphys(π+π-‐‑)	

5.1	 6.40  x  104	 1.33  x  1010	

f(x)	

Obtain  two  statistically	
  independent  	

distributions  (B1,  B2)  	

L=  0.1  r-‐‑1	

pbeam=  1.5  GeV/c	

Expectation:	

Reconstructed,	
  selected  	

signal  counts  	
(S2)	

-‐‑>  Analysis  can  be  performed!	

Ø  108  events  were  generated	
Ø  Background  rejection  factor  1.22  x  10-‐‑5	
Ø  Expected  S/B  ratio  is  1:8	
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A)  Feasibility  studies:  time-‐‑like  proton  form  factors  @  Phase-‐‑1  
Analysis  Strategy	

13/19	13/19	13	
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Background  B2:  red  dots	
Data  S2  +  B1  :  black  up  triangles	

3)  Efficiency  corrected  data	

1)   Reconstructed,  selected  data:  D  =  S2  +  B1  	
2)   Background  subtraction:  D  –  B2    (B1,  B2  are  statistically  independent)	
3)  Apply  efficiency  correction	
4)  Fit  efficiency  corrected  data	

D	

B2	

f (x)∝C1 ⋅
1
τ
(1−β 2x2 ) ⋅P1 + 1+
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s
+β 2x2

$
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/
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p

Fit  function:  Fit  parameters  P1,2  =  L|GE,M|2	

L  =  0.1  o-‐‑1	

4)  Fit  function  ~  dσ/dcosθ	
-‐‑>  Extract  |GE|  &  |GM|	

2)  D-‐‑B2	
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A)  Feasibility  studies:  time-‐‑like  proton  form  factors  @  Phase-‐‑1  
Results	

pbeam  =  1.5  GeV/c	

Systematic  uncertainties	
	

v  Luminosity  measurement  	
v  Choice  of  cuts	

	
Results	

Statistical  (total)  relative  uncertainty	
	

v  ∆|GE|/|GE|  : 	13.8%  (14.3%)  	
v  ∆|GM|/|GM|: 	6.5%  (6.9%)	
v  ∆R/R  :	 	20.0%  (21%)	

v  ∆|Fp|/|Fp|: 	1.5%  (2.5%)	
v  ∆σ/σ  :	 	3.0%  (5.0%)	

pp→ µ+µ−

Expected  precision  of  time-‐‑like  electromagnetic  proton  form  factors  @  
PANDA  Phase-‐‑1  with  muon  channel  comparable  to  existing  results	

L  =  0.1  o-‐‑1	



                  	
  B)  Feasibility  studies:  time-‐‑like  proton  form  factors  	

@  Phase-‐‑1	

Study  of  the  statistical  uncertainty  on  R,  	
|GE|  &  |GM|,  |Fp|  and  σ	
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pp→ e+−e−



Signal:	
Ø  Zichichi  cross  section1  +  PHOTOS	
Ø  Assuming  	
Ø  s  [GeV2]:  5.1,  8.2  (1.5  GeV/c,  3.3  GeV/c)	
Ø  L  =  0.1  o-‐‑1  (4  months  at  1031  cm-‐‑2  s-‐‑1)  	

Ø    Additional  samples  for  signal  efficiency  determination  ~  106  
events  	

Ø  Total  signal  efficiency:  39%  respectively  51%	

  Background:	
Ø  Event  generation  @  s  =  5.1,  8.2  [GeV2]	
Ø  108  events  at  each  energy  point	

1)  A.  Zichichi,  et  al.,  Nuovo  Cim.  24,  (1962)  170	

R = GE GM =1

pp→ e+e−

pp→ e+e−

pp→ π +π −

  B)  Feasibility  studies:  time-‐‑like  proton  form  factors  @  Phase-‐‑1	
Monte-‐‑Carlo  Event  Generation	
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  B)  Feasibility  studies:  time-‐‑like  proton  form  factors  @  Phase-‐‑1	
Signal  efficiency  &  Background  rejection	
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Signal  efficiency  distribution	

S/B  separation:  cuts  on  variables  	
	
²  PID  variables  	
²  EEMC/p  (EMC)	
²  Mean  dE/dx  (STT)	
²  Lateral  moment  (EMC)	
²  E1  (central  crystal)  (EMC)	
²  (θ++θ-‐‑)CM	

Background  rejection  factor  ~  10-‐‑8	
	-‐‑>  Signal  pollution  <  1%	

ε  =  39%	
ε  =  51%	
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  B)  Feasibility  studies:  time-‐‑like  proton  form  factors  @  Phase-‐‑1	
Extraction  of  R,  |GE|,|GM|,  |Fp|  and  σ	

pp→ e+e−
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L  =  0.1  o-‐‑1	

f (x)f (x)

pbeam  =  1.5  GeV/c	 pbeam  =  3.3  GeV/c	

Assumption  R  =  1	
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B)  Feasibility  studies:  time-‐‑like  proton  form  factors  @  Phase-‐‑1  
Results	

L  =  0.1  o-‐‑1	

Results	
Statistical  (total)  relative  uncertainty	
	

	
v  ∆|GE|/|GE|  : 	2.6%  -‐‑  19.9%  (3.3%  -‐‑  20.7%)  	
v  ∆|GM|/|GM|: 	1.3%  -‐‑  5.1%  (3.2%  -‐‑  5.9%)	
v  ∆R/R  :	 	3.8%  -‐‑  24.8%  (4.2%  -‐‑  25.8)	

v  ∆|Fp|/|Fp|: 	0.29%  -‐‑  1.60%  (2.6%)	
v  ∆σ/σ  :	 	0.63%  -‐‑  3.18%  (5.2%)	

v  Systematic  uncertainties  from  	
v  Luminosity  measurement  	
v  Pion  background  contamination	

pp→ e+e−

Time-‐‑like  electromagnetic  proton  form  factors  can  be  measured  with  high  
precision    @  PANDA  Phase-‐‑1  using  the  electron  channel	
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•  Measurements  of  the  proton  form  factors  in  the  TL  region  at  PANDA  Phase-‐‑1	
            using  electron  and  muon  channels:	

	
•  For  the  muon  channel  @  q2  =  5.1  (GeV/c)2:  the  obtained  precision  ∆R/R  ~  21%  	

is  comparable  to  existing  results  	
•  For  the  electron  channel  @  q2  =  5.1,  8.2  (GeV/c)2:  high  precision  ∆R/R  ~  4.2%-‐‑25.8%  	
	
•  Development  of  an  event  generator  including  next-‐‑to  leading  order  QED  radiative  

corrections  is  in  progress  	

•  Measurement  of  proton  FFs  in  the  unphysical  region:	
•  Feasibility  studies  with  PANDARoot  required	

•  Competitiveness  of  form  factor  measurements  @  PANDA  Phase-‐‑1	
•  Precision  of  R  expected  @  BESIII: 	        ∆R/R  ~  9%-‐‑35%  	
	 	 	        @  PANDA  Phase-‐‑1:  ∆R/R  ~  4.2%-‐‑25.8%  	

•  First  time  measurement  of  proton  form  factors  in  the  TL  region  with  muon  channel	
•  Unphysical  region  accessible  via 	                process	

	
	
	

Conclusion  &  Outlook	

pp→ ℓ+ℓ− (ℓ = e,µ)

pp→ e+e−π 0

pp→ e+e−π 0



Backup  slides	
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pp→ ℓ+ℓ−, ℓ = e,µ
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Comparison  between  both  channels  
Results:  Total  statistical  uncertainty  of  |GE|,  |GM|  and  R  	

The  measurement  of  time-‐‑like  electromagnetic  proton  form  factors  
represents  a  valuable  contribution  to  physics  program  for  PANDA  Phase-‐‑1  	

	
	

pbeam	
[GeV/c]	

∆R/R	
[%]	

∆|GE|/|GE|	
[%]	

∆|GM|/|GM|	
[%]	

4.2	 3.3	 3.2	

20	 14.2	 6.9	

pbeam  =  1.5  GeV/c	Phase-‐‑1	

pp→ e+e−

pp→ µ+µ−



BDT  response	
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BDT response
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Feasibility  studies:  time-‐‑like  proton  form  factors  @  PANDA	
Statistical  &  total  relative  uncertainty	

pp→ µ+µ−
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E835
BESIII
CMD-3
PANDA sim muon Phase-3

PANDA  Phase-‐‑3	

Results	
Statistical  (total)  relative  uncertainty	

	
v  ∆|GE|/|GE|  : 	3.1%  -‐‑  27%  (3.7%  -‐‑  27%)  	
v  ∆|GM|/|GM|: 	1.5%  -‐‑  9.6%  (2.5%  -‐‑  9.9%)	
v  ∆R/R  :	 	5.0%  -‐‑  37%  (5%  -‐‑  37%)	

v  ∆|Fp|/|Fp|: 	0.33%  -‐‑  1.39%  (2.03%  -‐‑  2.44%)	
v  ∆σ/σ  :	 	0.65%  -‐‑  2.78%  (4.05%  -‐‑  4.87%)	

Systematical  uncertainties	
	
²  Luminosity  measurement	
²  Choice  of  cuts	
²  Choice  of  histogram  bin  width	

Measurement  of  time-‐‑like  
electromagnetic  form  factors  
possible  at  PANDA  with  high  

precision	



Transistion  region	 High  energy	Low  energy	

Data:  	

Model:  	

Eisenhandler  et.  
Al.,	
NP  B96  (1975)	

A.  Eide  et.  al.,  NP  B60(1973)	
T.  Buran  et.  al.,  NPB  
116(1976)	
C.  White  et.  al.,  PRD  49(1994)	

Regge  Theory	
J.  Van  de  Wiele  and	
S.  Ong,  EPJA  46  (2010)	

Linear  interpolation	

2.43	 5.00	 pbeam  (GeV/c)	

Legendre  	
polynomial  fit	

Feasibility  studies:  time-‐‑like  proton  form  factors  @  PANDA	
Background  studies	

Ø  New  event  generator  developed  by  Mainz  working  group  (M.  Zambrana  et  al.)	



26 

A)  Feasibility  studies:  time-‐‑like  proton  form  factors  @  Phase-‐‑1  
Importance  of  the  EMC	

pbeam=  1.5  GeV/c	
Total  signal  
efficiency	

Total  
background  
efficiency	

S/B  ratio	 ∆R/R  (stat.)	

With  EMC	 32  %	 1.2  *10-‐‑5	 1/8	 20%	

Without  EMC	 36  %	 1.7  *10-‐‑4	 1/100	 60%	

EMC material in front of Muon System acts as a muon filter 
 

pp→ π +π −pp→ µ+µ−

With 
 EMC	



  A)  Feasibility  studies:  time-‐‑like  proton  form  factors  @  PANDA	
Cut  configuration	

pp→ e+e−
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