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Abstract

We presentdatapertaining to TevatronEffective BeamEmittanceandLuminosity for storesin 2500
to 3000range.

1 Introduction

We study Tevatron TransverseEffective BeamEmittance measurementsdone using Flying Wires (FW) (Seeref [2]) and
SampledBunchDisplay (SBD). We compare thosemeasurementsto Luminosity observed by CDF andD0 (and recorded
in C:B0ILUM andC:D0ILUM ACNETvariables) usingformulasdescribedbelow.

2 Data Selection

Thestoresfor this analysiswereselectedfrom May-September2003 running periodnamelystores2500–3000with theexcep-
tion of stores:2560–2646, 2746,2805, 2973, 2988sincethey wereconsideredatypical.

TheTevatronCasechosenfor analysiswas“RemoveHalo” (with thebeamenergy of 980GeV)andfirst Setof HEPCaseas
this is a setof caseswhereTransverseEmittanceFlying Wire measurement andB0 andD0 luminosity measurementsaredone
only within a few minutesapart.Otherrequirementsimposedon thedatawere:For Luminosity andEffectiveEmittanceplots:
B0 andD0 measuredeffectivebunchemittancehadto besmallerthan25π � mm � mrad andB0 andD0 measuredandcalculated
bunchluminosity hadto begreaterthan0.011030 � cm

� 2 � sec
� 1; For Emittanceplots: TheAntiproton BunchIntensityhadto

begreaterthan15 � 109.

3 Emittance and Luminosity Calculations

We calculateNormalized95%TransverseEmittance εh � v (in π � mm � mrad
�
) usingformulasdescribedin [4]:

εh � 6

�
σ2 ��� δp

p

� 2D2 	 γL

β
εv � 6σ2 γL

β

where
δp � δt � 83
 293 � δt ��� 10
 562 � δt0 
 8023

�
� � Seeref � 1� �
δt is theT:SBD[A,P]SSACNET variable (longitudinal beambunch spreadin ns), p is thebeammomentum in GeV, γ L is the
Lorentz gamma,σ arebunch width asmeasuredby eachof thedetectors(ACNET variablesT:FW[H,V][A, P]SG).In theFW
casethewidth is thearithmeticaverageof thetwo measurements(for bothof thewire passestrough thebeam).

LuminosityL (in 1030 � cm
� 2 � sec

� 1) andEffectiveEmittanceFemitt in εh � v (in π � mm � mrad
�
) arecalculatedusingformulas

from [3]:

L � 6 � 10
� 5 f NBNpNaβrγr

4πβ � Femitt

� H � σl � β � �
where

Femitt � 0 
 5 ��� � εp � εa
�
h
� εp � εa

�
v

f is therevolution frequency (47.7KHz), NB is thenumberof bunches(36),N p, Na arethenumbersof protonsandantiprotons
perbunch(in 109), βrγr is therelativistic factor(1045), β � is is thebetafunction at theinteractionpoint( assumedequalin both
horizontalandverticaldirectionsaswell asat B0 andD0 andto be35
 6cm). H is thehourglassfactorcaclulatedas

H � σl � β � � � 1 
 0831� � σl � 29 
 98
β � � ��� 0 
 3916 � � σl � 29 
 98

β � � � 0 
 06758 � � σl � 29
 98
β � � � 0
 0030907

���
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andσl is longitudinalbeambunch spreadin ns (T:SBD[A,P]WSACNETvariable).

4 Results

Fig. 1 shows B0 andD0 Effective Emittancecalculatedbasedon measuredLuminosity compared to theEffective Emittance
asmeasuredusingFlying Wires. Onecanseethatthecalculated(predicted) Effective Emittancedependsquitelinearly on the
measuredoneandthatthecalculatedEmittancepredictedbasedontheLuminositymeasurementsis about25–40%higherthan
themeasuredEffective Emittance.

Fig. 2 shows calculatedBunchLuminosity over measuredoneversus measuredonefor B0 andD0 locations.It alsoshows
total measuredD0 Luminosity overB0 Luminosity versus measuredB0 Luminosity aswell astotal calculatedD0 Luminosity
over B0 Luminosityversus calculatedB0 Luminosity. Fromthetwo plotsrelatedto D0 measuredluminosity onecanconclude
thattheD0 luminosity detectors seemto saturateat higher luminosities.

Theremaingfigures(3–18) areincludedfor completeness(with thetwo alreadyshown figuresincludedonceagain in the
different context to make comparisonseasier)and to show the effect of insertinglight attenuators in the antiproton Flying
Wiresdetectorsystems.First setof figures3–10showsdatafor theentire2500 to 3000 storerangebeforeandafterattenuators
insertion,whereasfigures11–18show storesafterlight attenuators insertiononly (Stores2668-3000).

Fromplotson Figure4 and9 (comparedto Fig. 12 and17) onecanseethat the insertionof attenuators hada significant
effect on theTransverseEmittancemeasurements(esp.giventhefact thatthebunchintensitiesremainedbasicallyunchanged
over theentireperiod(Figures6 and14). Figures6 and14alsoshow thatBunchEmittanceis smallerfor higherbunchnumbers
for protonsandthatbunchEmittanceandIntensity is smallerfor antiprotons.BunchEmittancefor antiprotonshaddecreased
afterattenuators hadbeeninserted(Fig 7).

Themorecorrect emittancemeasurementsleadto differentdependenciesof theratio of calculatedandmeasuredB0 and
D0 LuminositiesversusLuminosity (Figures5 and13).

Comparisonsof verticalandhorizontalBunchEmittanceshow thatthehorizontalemittanceis about 0.7of thevertical one
(Figure16).

5 Conclusions

1. Inserting attenuators in the Antiproton Flying Wire scintillator systemhada very significanteffect on the Transverse
Emittancemeasurementsandtherefore onthepredictedluminosityvalues.

2. EffectiveEmittanceis about 20-30%lowerthanthecalculatedemittancepredictedbasedontheluminosity measurements
(Fig. 1).

3. D0 LuminosityDetectorsseemto saturateat higher luminosities(Fig. 2).

It is worth to notethatthecalculatedtotal luminosity for CDF is equalto thatonefor D0 andtheir ratio remainsconstant over
theobserved luminosityrange.
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Figure1: B0 andD0 calculatedversusmeasuredEffectiveEmittance(in π � mm � mrad
�
) togetherwith calculatedovermeasured

Effective EmittanceversusStoreNumber. TransverseEmittanceat Remove Halo Casemeasuredwith Flying WiresandSBD.
CalculatedEffective Emittance basedon BunchIntensitiesmeasuredwith SBD andon B0 andD0 Luminosity measurements
at first HEPCaseSet.StoresafterFlying Wireslight attenuators insertiononly (2668-3000).
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Figure2: CalculatedBunchLuminosity (in 1030 � cm
� 2 � sec

� 1) over measuredoneversusmeasuredonefor B0 andD0 locations
together with total measuredD0 over B0 Luminosity versusmeasured B0 Luminosity andtotal calculatedD0 over B0 Lumi-
nosityversuscalculatedB0 Luminosity. Luminosity calculatedbasedon transverseEmittance at Remove HaloCasemeasured
with Flying WiresandSBD andBunchIntensitiesat first HEPCaseSetmeasuredwith SBD. Measured Luminosity basedon
B0 andD0 measurements at thefirst HEPCaseSet.StoresafterFlying Wireslight attenuators insertiononly (2668-3000).
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Figure3: CalculatedBunchLuminosity (in 1030 � cm
� 2 � sec
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Figure5: CalculatedBunchLuminosity (in 1030 � cm
� 2 � sec

� 1) over measuredoneversus measured onefor B0 andD0 lo-
cationstogetherwith total measured D0 over B0 Luminosity versusmeasuredB0 Luminosity andtotal calculatedD0 over
B0 Luminosity versuscalculatedB0 Luminosity. Luminosity calculatedbasedon transverseEmittanceat Remove Halo Case
measuredwith Flying WiresandSBD andBunchIntensitiesat first HEPCaseSetmeasured with SBD.MeasuredLuminosity
basedon B0 andD0 measurementsat thefirst HEPCaseSet. Storesbefore andafterFlying Wires light attenuators insertion
(2500-3000).
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Figure6: BunchIntensity(in 109) and(Geometrical) AverageTransverseEmittance(in π � mm � mrad
�
) for ProtonandAntipro-

tonBunches. TransverseEmittancemeasured with Flying WiresandSBDatRemoveHaloCase.BunchIntensitiesatfirst HEP
CaseSetmeasuredwith SBD.StoresbeforeandafterFlying Wireslight attenuators insertion(2500-3000).
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Figure7: Horizontal Antiproton andProtonEmittance (in π � mm � mrad
�
) togetherwith VerticalAntiprotonandProtonEmit-

tanceversus StoreNumber. TransverseEmittancemeasured with Flying WiresandSBD at Remove Halo Case.BunchInten-
sitiesat first HEPCaseSetmeasuredwith SBD.Storesbefore andafterFlying Wireslight attenuators insertion(2500-3000).
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Figure8: Horizontal AntiprotonEmittance(in π � mm � mrad
�
) versusVerticalAntiprotonEmittance(samefor Protons)together

with Horizontal Antiproton Emittanceover VerticalAntiproton Emittance versusStore(samefor Protons).TransverseEmit-
tancemeasuredwith Flying WiresandSBDatRemoveHaloCase.BunchIntensitiesatfirst HEPCaseSetmeasured with SBD.
Storesbefore andafterFlying Wireslight attenuators insertion(2500-3000).

11



0

1

2

3

4

5

6

7

8

250025502600265027002750280028502900295030000
�

10

20

30

40

50

60

h2_B0_EffEmittance_v_Store_C13

Entries  3080

Mean x    2765
Mean y 
�

  18.42

RMS x      140

RMS y    1.983

       0       0       0


       0   3080      0


       0       0       0


h2_B0_EffEmittance_v_Store_C13

Entries  3080

Mean x    2765
Mean y 
�

  18.42

RMS x      140

RMS y    1.983

       0       0       0


       0   3080      0


       0       0       0


h1_B0_EffEmittance_v_Store_C13_px

Entries  3080

Mean     2758

RMS     145.4

Underflow       0

Overflow  
�

      0

 / ndf 2χ�  1.026e+04 / 86

Prob       0

p0       �  0.01578±
�

 17.84 

h1_B0_EffEmittance_v_Store_C13_px

Entries  3080

Mean     2758

RMS     145.4

Underflow       0

Overflow  
�

      0

 / ndf 2χ�  1.026e+04 / 86

Prob       0

p0       �  0.01578±
�

 17.84 

B0_EffEmittance_v_Store_C13

0
�
1
�
2
�
3
 
4

5
!
6
�

25002550260026502700275028002850290029503000
 0

�
10

20

30

40

50

60

h2_B0_CalcEffEmittance_v_Store_C1314

Entries  3080

Mean x    2765
Mean y 
�

  22.71

RMS x      140

RMS y    2.336

       0       0       0


       0   3080      0


       0       0       0


h2_B0_CalcEffEmittance_v_Store_C1314

Entries  3080

Mean x    2765
Mean y 
�

  22.71

RMS x      140

RMS y    2.336

       0       0       0


       0   3080      0


       0       0       0


h1_B0_CalcEffEmittance_v_Store_C1314_px

Entries  3080

Mean     2767

RMS     141.8

Underflow       0

Overflow  
�

      0

 / ndf 2χ�   4536 / 86

Prob       0

p0       �  0.02685±
�

  22.5 

h1_B0_CalcEffEmittance_v_Store_C1314_px

Entries  3080

Mean     2767

RMS     141.8

Underflow       0

Overflow  
�

      0

 / ndf 2χ�   4536 / 86

Prob       0

p0       �  0.02685±
�

  22.5 

B0_CalcEffEmittance_v_Store_C1314

0

1

2

3

4

5

6

7

8

9

250025502600265027002750280028502900295030000
�

10

20

30

40

50

60

h2_D0_EffEmittance_v_Store_C13

Entries  2970

Mean x    2770

Mean y   18.41

RMS x    139.4
RMS y    1.986

       0       0       0


       0   2970      0


       0       0       0


h2_D0_EffEmittance_v_Store_C13

Entries  2970

Mean x    2770

Mean y   18.41

RMS x    139.4
RMS y    1.986

       0       0       0


       0   2970      0


       0       0       0


h1_D0_EffEmittance_v_Store_C13_px

Entries  2970

Mean     2762

RMS     145.1

Underflow       0

Overflow  
�

      0

 / ndf 2χ�   9616 / 83

Prob       0

p0       �  0.01644±
�

 17.86 

h1_D0_EffEmittance_v_Store_C13_px

Entries  2970

Mean     2762

RMS     145.1

Underflow       0

Overflow  
�

      0

 / ndf 2χ�   9616 / 83

Prob       0

p0       �  0.01644±
�

 17.86 

D0_EffEmittance_v_Store_C13

0
�
1
�
2
�
3
 
4

5
!
6
�

25002550260026502700275028002850290029503000
 0

�
10

20

30

40

50

60

h2_D0_CalcEffEmittance_v_Store_C1314

Entries  2970

Mean x    2770

Mean y   24.98

RMS x    139.4
RMS y    2.553

       0       0       0


       0   2970      0


       0       0       0


h2_D0_CalcEffEmittance_v_Store_C1314

Entries  2970

Mean x    2770

Mean y   24.98

RMS x    139.4
RMS y    2.553

       0       0       0


       0   2970      0


       0       0       0


h1_D0_CalcEffEmittance_v_Store_C1314_px

Entries  2970

Mean     2771

RMS     141.4

Underflow       0

Overflow  
�

      0

 / ndf 2χ�   6555 / 83

Prob       0

p0       �  0.0261±
�

 24.71 

h1_D0_CalcEffEmittance_v_Store_C1314_px

Entries  2970

Mean     2771

RMS     141.4

Underflow       0

Overflow  
�

      0

 / ndf 2χ�   6555 / 83

Prob       0

p0       �  0.0261±
�

 24.71 

D0_CalcEffEmittance_v_Store_C1314

Figure9: B0 andD0 measuredandcalculatedEffective Emittance(in π � mm � mrad
�
) versusStoreNumber. TransverseEmit-

tanceat RemoveHalo Casemeasuredwith Flying WiresandSBD.CalculatedEffectiveEmittancebasedonBunchIntensities
measuredwith SBD andon B0 andD0 Luminosity measurementsat first HEPCaseSet.Storesbefore andafterFlying Wires
light attenuators insertion(2500-3000).

12



0

2

4

6

8

10

12

0 10 20 30 40 50 60
�0

�
10

20

30

40

50

60

h2_B0_Calc_v_EffEmittance_C13C14

Entries  3080

Mean x   18.42
Mean y 
�

  22.71

RMS x    1.983

RMS y    2.336

       0       0       0


       0   3080      0


       0       0       0


h2_B0_Calc_v_EffEmittance_C13C14

Entries  3080

Mean x   18.42
Mean y 
�

  22.71

RMS x    1.983

RMS y    2.336

       0       0       0


       0   3080      0


       0       0       0


h1_B0_Calc_v_EffEmittance_C13C14_px

Entries  3080

Mean  
�

  19.51

RMS     3.288

Underflow       0

Overflow  
�

      0

 / ndf 2χ�  107.6 / 34

Prob   4.363e-11

p0       �  0.343±� -1.402 

p1       �  0.01944±
�

 1.338 

h1_B0_Calc_v_EffEmittance_C13C14_px

Entries  3080

Mean  
�

  19.51

RMS     3.288

Underflow       0

Overflow  
�

      0

 / ndf 2χ�  107.6 / 34

Prob   4.363e-11

p0       �  0.343±� -1.402 

p1       �  0.01944±
�

 1.338 

B0_Calc_v_EffEmittance_C13C14

0
�1
�2
�3
 4
5
!6
�7
8
"9
#

25002550260026502700275028002850290029503000
 0

�
0.5
�

1
�

1.5

2

2.5
�

3
 h2_B0_Calc_o_EffEmittance_v_Store_C13C14

Entries 
$

 3080

Mean x    2765

Mean y 
%

  1.238

RMS x      140

RMS y  
&

 0.09663

       0       0       0


       0    3080       0


       0       0       0


h2_B0_Calc_o_EffEmittance_v_Store_C13C14

Entries 
$

 3080

Mean x    2765

Mean y 
%

  1.238

RMS x      140

RMS y  
&

 0.09663

       0       0       0


       0    3080       0


       0       0       0


h1_B0_Calc_o_EffEmittance_v_Store_C13C14_px

Entries  3080

Mean     2771

RMS   
&

  137.7

Underflow 
(

      0

Overflow  
)

      0

 / ndf 2χ*   7180 / 86

Prob  
+

     0

p0       ,  0.0009245±
-

 1.238 

h1_B0_Calc_o_EffEmittance_v_Store_C13C14_px

Entries  3080

Mean     2771

RMS   
&

  137.7

Underflow 
(

      0

Overflow  
)

      0

 / ndf 2χ*   7180 / 86

Prob  
+

     0

p0       ,  0.0009245±
-

 1.238 

B0_Calc_o_EffEmittance_v_Store_C13C14

0

2

4

6

8

10

0 10 20 30 40 50 60
�0

�
10

20

30

40

50

60

h2_D0_Calc_v_EffEmittance_C13C14

Entries  2970

Mean x   18.41

Mean y   24.98

RMS x    1.986
RMS y    2.553

       0       0       0


       0   2970      0


       0       0       0


h2_D0_Calc_v_EffEmittance_C13C14

Entries  2970

Mean x   18.41

Mean y   24.98

RMS x    1.986
RMS y    2.553

       0       0       0


       0   2970      0


       0       0       0


h1_D0_Calc_v_EffEmittance_C13C14_px

Entries  2970

Mean  
�

  19.54

RMS     3.277

Underflow       0

Overflow  
�

      0

 / ndf 2χ�  176.6 / 34

Prob       0

p0       �  0.3225±
�

 -2.082 

p1       �  0.01839±
�

 1.502 

h1_D0_Calc_v_EffEmittance_C13C14_px

Entries  2970

Mean  
�

  19.54

RMS     3.277

Underflow       0

Overflow  
�

      0

 / ndf 2χ�  176.6 / 34

Prob       0

p0       �  0.3225±
�

 -2.082 

p1       �  0.01839±
�

 1.502 

D0_Calc_v_EffEmittance_C13C14

0
�1
�2
�3
 4
'5
!6
�7
8
"9
#

25002550260026502700275028002850290029503000
 0

�
0.5
�

1
�

1.5

2

2.5

3
 h2_D0_Calc_o_EffEmittance_v_Store_C13C14

Entries 
$

 2970

Mean x    2770

Mean y   1.361

RMS x    139.4

RMS y   0.09998

       0       0       0


       0    2970       0


       0       0       0


h2_D0_Calc_o_EffEmittance_v_Store_C13C14

Entries 
$

 2970

Mean x    2770

Mean y   1.361

RMS x    139.4

RMS y   0.09998

       0       0       0


       0    2970       0


       0       0       0


h1_D0_Calc_o_EffEmittance_v_Store_C13C14_px

Entries  2970

Mean     2775

RMS     137.4

Underflow       0

Overflow  
�

      0

 / ndf 2χ�  1.354e+04 / 83

Prob       0

p0       �  0.000782±
�

 1.356 

h1_D0_Calc_o_EffEmittance_v_Store_C13C14_px

Entries  2970

Mean     2775

RMS     137.4

Underflow       0

Overflow  
�

      0

 / ndf 2χ�  1.354e+04 / 83

Prob       0

p0       �  0.000782±
�

 1.356 

D0_Calc_o_EffEmittance_v_Store_C13C14

Figure10: B0andD0calculatedversusmeasuredEffectiveEmittance(in π � mm � mrad
�
) together with calculatedovermeasured

Effective EmittanceversusStoreNumber. TransverseEmittanceat Remove Halo Casemeasuredwith Flying WiresandSBD.
CalculatedEffective Emittance basedon BunchIntensitiesmeasuredwith SBD andon B0 andD0 Luminosity measurements
at first HEPCaseSet.Storesbefore andafterFlying Wireslight attenuators insertion(2500-3000).
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Figure11: CalculatedBunchLuminosity (in 1030 � cm
� 2 � sec

� 1) versusmeasuredonefor B0 andD0 locations(shown with and
without a straightline fit). Luminosity calculatedbasedon transverseEmittanceat Remove Halo Casemeasured with Flying
WiresandSBD andBunchIntensitiesat first HEPCaseSetmeasured with SBD. MeasuredLuminosity basedon B0 andD0
measurementsat thefirst HEPCaseSet.StoresafterFlying Wireslight attenuators insertiononly (2668-3000).
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Figure12: CalculatedBunchLuminosity (in 1030 � cm
� 2 � sec

� 1) over measuredoneversusStoreNumber for B0 and D0
locations togetherwith total measuredD0 v B0 Luminosity andtotal calculatedD0 v B0 Luminosity. Luminosity calculated
basedon transverseEmittanceat Remove Halo Casemeasuredwith Flying WiresandSBD andBunchIntensitiesat first HEP
CaseSetmeasuredwith SBD.Measured Luminosity basedonB0 andD0 measurementsat thefirst HEPCaseSet.Storesafter
Flying Wireslight attenuators insertiononly (2668-3000).
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Figure 13: CalculatedBunchLuminosity (in 1030 � cm
� 2 � sec

� 1) over measuredone versusmeasuredone for B0 and D0
locations together with total measuredD0 over B0 Luminosity versusmeasured B0 Luminosity andtotal calculatedD0 over
B0 Luminosity versuscalculatedB0 Luminosity. Luminosity calculatedbasedon transverseEmittanceat Remove Halo Case
measuredwith Flying WiresandSBD andBunchIntensitiesat first HEPCaseSetmeasured with SBD.MeasuredLuminosity
basedon B0 andD0 measurementsat thefirst HEPCaseSet.StoresafterFlying Wireslight attenuatorsinsertiononly (2668-
3000).
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Figure14: BunchIntensity (in 109) and(Geometrical)Average TransverseEmittance (in π � mm � mrad
�
) for ProtonandAn-

tiproton Bunches. TransverseEmittancemeasuredwith Flying WiresandSBDatRemoveHaloCase.BunchIntensitiesatfirst
HEPCaseSetmeasuredwith SBD.StoresafterFlying Wireslight attenuators insertiononly (2668-3000).
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Figure15: HorizontalAntiproton andProtonEmittance(in π � mm � mrad
�
) togetherwith VerticalAntiprotonandProtonEmit-

tanceversus StoreNumber. TransverseEmittancemeasured with Flying WiresandSBD at Remove Halo Case.BunchInten-
sitiesat first HEPCaseSetmeasuredwith SBD.StoresafterFlying Wireslight attenuators insertiononly (2668-3000).
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Figure16: Horizontal Antiproton Emittance (in π � mm � mrad
�
) versus Vertical Antiproton Emittance(samefor Protons) to-

getherwith Horizontal Antiproton Emittanceover VerticalAntiprotonEmittance versus Store(samefor Protons). Transverse
Emittancemeasured with Flying WiresandSBD atRemoveHaloCase.BunchIntensitiesat first HEPCaseSetmeasuredwith
SBD.StoresafterFlying Wireslight attenuators insertiononly (2668-3000).
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Figure17: B0 andD0 measuredandcalculatedEffective Emittance (in π � mm � mrad
�
) versusStoreNumber. Transverse

Emittanceat RemoveHaloCasemeasuredwith Flying WiresandSBD.CalculatedEffectiveEmittancebasedonBunchInten-
sitiesmeasuredwith SBD andon B0 andD0 Luminosity measurementsat first HEPCaseSet.StoresafterFlying Wires light
attenuators insertiononly (2668-3000).
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Figure18: B0andD0calculatedversusmeasuredEffectiveEmittance(in π � mm � mrad
�
) together with calculatedovermeasured

Effective EmittanceversusStoreNumber. TransverseEmittanceat Remove Halo Casemeasuredwith Flying WiresandSBD.
CalculatedEffective Emittance basedon BunchIntensitiesmeasuredwith SBD andon B0 andD0 Luminosity measurements
at first HEPCaseSet.StoresafterFlying Wireslight attenuators insertiononly (2668-3000).
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