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ABSTRACT1

Differential cross-section ofΣ+(1189) production has been measured in photo-production on a hydrogen target2

by usingg11adata set in the photon energy range 1.6-3.5 GeV. TheΣ+ is produced in the reactionγp → Σ+K0
3

with subsequent decay to proton andπ0. HereK0 is a mixture of CP eigenstatesKS andKL. In this experiment4

only decay productsπ+ andπ− of short livedKS are detected. So, detected final state particles are proton,π+
5

andπ−. Theπ0 is reconstructed from the missing mass of all detected charged particles, andKs is reconstructed6

in the invariant mass ofπ+π−. TheΣ+ is reconstructed from its decay products proton andπ0. Our results are7

in good agreement with previous CLAS and SAPHIR results.8
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CHAPTER 11

INTRODUCTION2

One of the main goals of the hadronic physics is to study the structure of the nucleon, its excited states, and3

to understand the underlying mechanism of their production. Experimentally,most of the baryon resonances4

are discovered in pion elastic scattering experiments. These excited states consist of many states, each of5

them with a large width up to a few hundred MeV. Interpretation of the experimental data and the extraction6

of parameters of resonances is extremely difficult because of the overlap and interference of these states with7

each other. Also, because of the large coupling constant at low energyperturbative QCD is not applicable8

in resonance region. The constituent quark model based predictions are able to explain the mass spectrum9

of the experimentally observed resonances quit well but they also predict other resonances which have not10

been observed experimentally yet. Based on the quark model, the number ofexcited states is determined by11

the effective degrees of freedom. The reasons for not observing those resonances may either be explained by12

an uncertainty in the number of degrees of freedom used by the models or by assuming that the unobserved13

resonances do not couple strongly to theNπ channels in which most of the resonances have been observed.14

Models like quark-pair creation [1] or collective string-like three quark models [2] showed substantial decay15

branches of baryon resonances intoKΛ andKΣ channels. So, kaon production experiments are important tools16

to study baryon resonances.17

Hyperon cross section in photo-production has been measured by many experiments like SAPHIR [3], CB-18

ELSA/TAPS [4, 5, 6], CLAS [7, 8, 9] and LEPS [10]. For Σ+ production these data are limited to 2.4 GeV19

photon energy. All these results agree well, however CB-ELSA/TAPS shows cusp like structure in the region20

betweenK∗Λ andK∗Σ+ thresholds which is not visible in other measurements.21
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CHAPTER 21

DATA ANALYSIS2

2.1 INTRODUCTION3

We have used g11a data set with Bremsstrahlung tagged photon beam [11] on a liquid hydrogen target. The4

experiment was carried out at electron energy 4.01860 GeV for run numbers 43490 - 44107 and 5.02114 GeV5

for run numbers 44108 - 44133 [12]. Photon beam is produced by Bremsstrahlung of an electron in a thin6

radiator. The photon energy ranges from 0.8 GeV to 4.8 GeV for whole range of electron energy. The average7

electron current for the runs used in this analysis is about 63 nA. The target cell is 40 cm long, placed 10 cm8

upstream of the CLAS center.9

In this analysis, we are usingΣ+ (1189), produced via process, Fig. 2.1,10

γ + p → K0 + Σ+(1189)11

whereK0 is a mixture ofKs andKL [13, 14, 15, 16], which are eigenstates of CP.12

|K0 >=
1√
2
(|KS > +|KL >)13

Then,KS , being short lived meson, decays quickly toπ+ andπ− with branching ratio 69% via CP conserving14

weak decay whileKL, being long lived meson, decays beyond the detector, making it undetectable. Σ+ decays15

to proton andπ0 with branching ratio 51% via CP conserving weak decay. So, final detected particles are16

proton,π+, andπ−. Σ+ andKS are reconstructed from their decay products.17

γ + P → Ks + Σ+
18

→ π+ + π− + p + π0
19
20

γ

p

Ks

Σ+

π+

π-

π0

p

69%

51%

(a) Σ
+
→ p + π

0 decay

γ

p

Ks

Σ+

π+

π-

π+

n

69%

48%

(b) Σ
+
→ n + π

+ decay

Fig. 2.1: Photo-production ofΣ+.

21
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2.2 EVENT SELECTION1

Inclusive events with 1 detected proton, 1 detectedπ+ and 1 detectedπ− are selected from EVNT bank. Photon,2

with status 7 or 15 (flag for good electrons with successful tagger reconstruction) [17], whose tag-time is in3

coincidence with start-time is selected under the condition that there is no other photon within±2ns, [18] in4

order to make sure that we are selecting right photon1. The photon distribution are shown in Fig: 2.2.Ks is5

reconstructed from invariant mass ofπ+ andπ−, π0 is reconstructed from missing mass of proton,π+, andπ−,6

andΣ+ is reconstructed from missing mass ofπ+ andπ−.7

M(π+π−) ⇒ Ks; MM(Pπ+π−) ⇒ π0; MM(π+π−) ⇒ Σ+
8

Tagger correction is applied to the photon energy using CLAS g11 tagger correction package [19]. Energy loss

-10 -5 0 5 100

1000

2000

3000

4000

5000

6000

7000

Fig. 2.2: Figure shows the (tag time-start time) distribution for photons with status 7 or 15 written in the TAGR bank

of the BOS file.

9

correction and momentum correction are applied to all detected charged particles by using the CLAS energy10

loss package (eloss) [20], and CLAS g11 momentum correction package [19]. The tagger correction factor11

is shown in Fig: 2.3 and total missing mass distributions before and after all corrections (tagger + eloss +12

momentum corrections) are shown in Fig: 2.4, which clearly shows the effect of these corrections.13

2.3 SOURCES OF BACKGROUND14

• direct production of final particles:15

γ + P → P + π+ + π− + π0
16

1For photon selection: first we selected one photon whose tag time is closestto the start time, and then we checked the condition

‘is there any other photon within±2ns window of this selected photon?’. If there was another photon within±2ns window then that

event was removed. This make sure that we are selecting only one photon. ±2ns cut is tighter cut than±1ns cut. We have checked

±2ns vs±1ns and we found that the difference is less than 1% with all other cuts (cutsused in this anlaysis) applied and less than 3%

without any cut. We did not select the photon by just taking the cut±2ns around 0, because this may include more than 1 photon if

above mentioned condition is not imposed

7
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Fig. 2.3: Photon energy correction factor vs E-counter Id.
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Fig. 2.4: Missing mass distribution of proton and two opposite charged pions, before and after all corrections (taggre

+ eloss + momentum corrections). After the corrections, thepeak center is very close to theπ0 mass of 135 MeV.

• due to production ofω via1

γ + P → P + ω → P + π+ + π− + π0
2

• due to miss-identification of protons as kaons.3

• due to miss-identification of kaons as pion. However, invariant mass of two charged pions asKS will be4

larger than mass ofKS and those events will be removed by mass cut onKS . So, this does not contribute5

in the background.6

Fig: 2.5(a) shows the missing mass distribution of the proton without any cut. Itclearly showsη(547), η
′

(958),7

ω(782), φ(1020), andf1(1285) mesons produced with proton. Fig: 2.5(b) shows the missing mass distribution8

8



of the proton underΣ+ (peak ofpπ0 mass spectrum). It clearly shows theω(782) underΣ+, contributing to1

the background inΣ+ distribution. Fig. 2.5(c) shows that the overlap of the tail of the photon inMM(pπ+π−)2

with the π0 in MM(pπ+π−) is negligible. Fig. 2.5(d) shows that the contribution form the miss-identified3

kaons as protons (red line) is negligible. Combining these figures show thatthe background under theΣ+ is4

mostly due toω production, and direct production of proton and pions.
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(a) Missing mass of proton
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(d) Missing mass ofπ+ andπ
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Fig. 2.5: (a) Missing mass of proton without any cut, showingη, η′, ω, φ, andf1 mesons. (b) Missing mass of proton

with |MM(pπ+π−) − 0.135| < 0.02, |M(π+π−) − 0.4976| < 0.02, |MM(π+π−) − 1.189| < 0.02 cuts. (c)

Missing mass of proton,π+ andπ− underΣ+. (c) shows that the overlap of the photon tail withπ0 is negligible. (d)

red line (scaled up by a factor 200) shows theMM(π+π−) distribution where mass of the kaon is used for identified

proton. As we can see that the contribution to background from miss-identified kaon as proton is negligible. These

figures clearly shows that background under theΣ+ is mostly due toω production, and direct production of proton

and pions.
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2.4 KINEMATIC CUTS1

In order to selectΣ+ from the reaction and decay mode under consideration, and also to minimize theback-2

ground we have used few kinematic cuts. The effect of these cuts on particle reconstruction will be shown3

below. The cuts used are:4

1. cut on invariant mass of two charged pions to selectKs, |M(π+π−) − 0.497| < 3σ GeV/c2.5

2. cut on missing mass of proton and two charged pions to selectπ0, |MM(pπ+π−)−0.135| < 3σ GeV/c2.6

Fig. 2.6(a) shows the missing mass of proton,π+ andπ−; Fig. 2.6(b) shows the mass of two charged pions7

with π0 selected inMM(pπ+π−); Fig. 2.6(c) shows the missing mass of two charged pions withπ0 selected in8

MM(pπ+π−) andKS selected inM(π+π−). Blue lines are fit to the peak (gaussian function) and background9

(polynomial function).

peak  =  0.1347
  =  0.0136σ
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−

Fig. 2.6: (a) Missing mass of proton,π+, andπ− without any cut, (b) mass ofπ+ andπ− with π0 selected in

MM(Pπ+π−), (c) missing mass ofπ+ andπ− with π0 selected inMM(Pπ+π−) andKS selected inM(π+π−).
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2.5 BACKGROUND SUBTRACTION1

Fig. 2.7 shows theMM(π+π−) distribution where±3σ is selected aroundKS peak in mass ofπ+π− for the2

black line, and3σ from left and right in side-band ofKS is selected for the red line. As we can see that the3

side band of theKs reproduces the background perfectly. So, we used side band of theKs as a background4

to do background subtraction. Figs. 2.8 and 2.9 show the distributions of theMM(π+π−) after background5

subtraction.6

)2) (GeV/c-π+πMM(
1 1.05 1.1 1.15 1.2 1.25 1.30

5000

10000

15000

20000

25000

30000

35000 Sside-band of K

Fig. 2.7: MM(π+π−) distribution with background from side-band ofKS .
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Fig. 2.8: MM(π+π−) distribution after background subtraction.
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CHAPTER 31

SIMULATION : ACCEPTANCECORRECTION2

Monte Carlo events are generated based only on kinematics [21], and uniform angular distributions ofΣ+’s3

decay products (for detail about the simulation please see the analysis note[22]). The generated events are4

passed through gsim and gpp, the ffread card and gpp flags are shown in Appendix: 7.1. The output from gpp5

is passed through recsis with tcl file shown in Appendix: 7.1.6

Event Generator=⇒ GSIM =⇒ GPP =⇒ RECSIS7

Figs. 3.1 showφ vs θ acceptance region of the CLAS for proton and pions. The gaps show thegaps between8

drift-chamber sectors. For comparison purposes, accepted region from the data is also shown in Fig.:3.2.
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Fig. 3.1: Acceptance region from MC simulation,φ ∼ θ, for proton (top left),π+ (top right), andπ− (bottom),

integrated over all other variables.
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Fig. 3.2: Acceptance region from data,φ ∼ θ, for proton (top left),π+ (top right), andπ− (bottom), integrated over

all other variables.

3.1 KINEMATIC FIT1

We saw that (see Fig.: 3.4) the mass of the reconstructed particles,MM(π+π−), is shifted by about 3 MeV2

from the pdg value. So, we did kinematic fit of the simulated data by using the CLAS kinematic fit package.3

We did 1C kinematic fit (withπ0 as missing particle). Kinematic fitting brought the mass of the reconstructed4

particle close to the pdg value. Fig. 3.3 shows confidence level of the kinematic fit. The pull distributions and5

confidence level show that the fit is reasonable. A cut of greater than 10% in confidence level is applied. The6

mass of the reconstructed particles, as shown in Fig. 3.4, are at the right places. MC events must cover all the7

kinematic ranges as in the real data. Fig. 3.5 shows thetΣ+ distribution from the real data (red line) and from8

the accepted MC events (black line). Similarly, Fig. 3.6 show the momentum, polar angle and azimuthal angle9

of all the detected particles as well as reconstructedΣ+ along with the photon energy. Black lines are from the10

real data and red lines are from accepted MC events. As we can see, MCevents cover full range of kinematic11

variables as in the real data.12
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Fig. 3.6: Figures show different kinematic coverage range from MC and real data. First row is for proton, second

row if for π+, third row is forπ−, fourth row is forΣ+ and fifth row is for photon energy. Similarly, First column is

for momentum in lab frame, second column is for momentum in cmframe, third column is forθ in lab frame, fourth

column is forθ in cm frame and fifth column is for azimuthal angleφ.

3.2 ACCEPTANCE CORRECTION1

Σ+ from accepted MC events (MC events accepted after passing though GSIM and GPP) are selected by same2

procedure as in real data by applying±3σ cut around the peak. The acceptance function for each kinematic bin3

is calculated by dividing accepted events by generated events in that kinematic bin. Then, data is corrected by4

dividing it with acceptance function for that kinematic bin. The acceptance function is5

A[Eγ , cos(θKs
)cm] =

Na[Eγ , cos(θKs
)cm]

Ng[Eγ , cos(θKs
)cm]

(3.1)6
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whereNg andNa are the number of generated and accepted events. Fig. 3.7 and Fig. 3.8 show the acceptance1

vs photon energy and acceptance vscos(θKs
)cm respectively.
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Fig. 3.7: Acceptance vscos(θKs
)cm for different photon energy bins.

2

3.3 ACCEPTANCE ERROR3

Since the acceptance function is obtained by dividing the accepted events by the generated events, the error in4

the acceptance function is calculated by5

△A(Eγ , cos θcm) = A(Eγ , cos θcm)

√

(△Na(Eγ , cos θcm)

Na(Eγ , cos θcm)

)2

+
(△Ng(Eγ , cos θcm)

Ng(Eγ , cos θcm)

)2

(3.2)6

where△Na(Eγ , cos θcm) =
√

Na(Eγ , cos θcm) and △Ng(Eγ , cos θcm) =
√

Ng(Eγ , cos θcm).7
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Fig. 3.8: Acceptance vs photon energy for differentcos(θKs
)cm bins.
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CHAPTER 41

CALCULATION PROCEDURE2

4.1 TARGET PROPERTIES3

The g11a target was liquid hydrogen with cell length 40 cm. In order to calculate the production probability,4

the number of target protons available to the photon beam are required. The density changes due to change in5

temperature and pressure during the different runs. The temperature and pressure are measured and stored in6

CLAS database for each run. The average density calculated based onthe parameterization [23]7

ρ = a T 2 + b P + c (4.1)8

is9

ρ = 0.07177 g/cm3 (4.2)10

And the variance is11

σ2
flux =

1

Nrun − 1

∑

run

(ρrun − ρ)2 (4.3)12

= 6.776 × 10−9 g2/cm6 (4.4)13
14

whereρrun is the density in each run. The variance is about 0.11%.15

4.2 PHOTON FLUX16

Photon flux is calculated by using CLASgflux [17] package.17

First, total yield (Yr) for each run is calculated whose statistical error is△Yr =
√

N and is shown in18

Fig. 4.1(a). Then total flux (Fr) for each run is added and the flux normalized total yield for each run19

Nr =
Yr

Fr
(4.5)20

is calculated. The error for this flux normalized total yield is given by21

△Nr = Nr

√

( △Yr

Yr

)2

+
( △Fr

Fr

)2

(4.6)22

Fig. 4.1(b) shows the run-by-run flux normalized yield which is nearly flatas expected.23

4.3 PHOTON ENERGY VS PHOTON FLUX24

Photon flux and error fromgflux is obtained for each E-counter run-by-run. These are combined together to get25

flux vs photon energy. Flux errors are combined in quadrature. Fig. 4.2shows the total flux vs photon energy.26

19
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Fig. 4.1: Run by run total yield and flux normalized total yield.

4.4 CROSS SECTION1

The differential cross-section ofΣ+ production is given by2

dσ(Eγ , cos θcm)

d cos θcm
=

Y (Eγ , cos θcm)

F (Eγ) T A(Eγ , cos θcm) δ cos θcm B
(4.7)3

20
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Fig. 4.2: Photon energy vs total photon flux

where1

Y (Eγ , cos θcm) → Σ+ yield (4.8)2

F (Eγ) → photon flux (4.9)3

T → number of target proton per unit area (4.10)4

A(Eγ , cos θcm) → detection acceptance (4.11)5

B → product of branching ratios ofKS andΣ+ (4.12)6

δ cos θcm → size of cos θcm bin (4.13)7
8

The number of the target proton per unit area is given by9

T =
NA ρ L

N
(4.14)10

whereNA is Avogadro’s number,ρ is the target density,L is the target length andN is the number of grams11

per mole of the target. Then,12

dσ(Eγ , cos θcm)

d cos θcm
=

Y (Eγ , cos θcm)

F (Eγ) A(Eγ , cos θcm) δ cos θcm B

N

NA ρ L
(4.15)13

Similarly,14

dσ(Eγ , cos θcm)

dEγ
=

Y (Eγ , cos θcm)

F (Eγ) A(Eγ , cos θcm) δEγ B

N

NA ρ L
(4.16)15

B, product of branching ratios forΣ+ → p + π0 andKS → π+ + π− = 0.5× 0.5157× 0.6920 = 0.1784322.16
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CHAPTER 51

RESULTS2

Differential cross section vscos θKs
andEγ are shown in Figs. 5.1 and 5.2 respectively. Errors are statistical3

only.
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Fig. 5.1:dσ/dΩ vs cos θKs
for different photon energy bins. Errors are statistical only.
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DISCUSSION ANDSUMMARY2

We have compared our results with SAPHIR [24] and CLAS [25], and are shown Figs. 6.1 and 6.2 respectively.3

The functional behavior of the cross section from our result is in very good agreement with others, however4

there is a small difference in magnitude.5
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Fig. 6.1: Comparison plots with SAPHIR result. Red makers are our results and blue markers are SAPHIR results??.
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APPENDIX2

7.1 APPENDIX I3

7.1.1 ffread card for gsim4

LIST5

KINE 16

AUTO 17

MAGTYPE 28

MAGSCALE 0.4974 0.09

FIELD 210

STTYPE 111

STZOFF -10.012

TGPOS 0.0 0.0 0.013

TARGET ’g11a’14

TGMATE ’PROT’15

GEOM ’ALL’16

NOGEOM ’EC1’ ’CC’ ’MINI’ ’PTG’17

NOSEC OTHE18

BEAM 4.01819

CUTS 5.e-3 5.e-3 5.e-3 5.e-3 5.e-320

DCCUTS 1.e-4 1.e-4 1.e-4 1.e-4 1.e-421

ECCUTS 1.e-4 1.e-4 1.e-4 1.e-4 1.e-422

SCCUTS 1.e-4 1.e-4 1.e-4 1.e-4 1.e-423

STCUTS 5.e-5 5.e-5 5.e-5 5.e-5 5.e-524

NSTEPMAX 2000025

TIME 1000000 1000000 100000026

RUNG 4383227

TRIG 100000028

RNDM 128 12829

STOP30

31

7.1.2 gpp flags32

gpp -P0x1f -ooutputFile -a2.0 -b1.8 -c1.8 -f0.8 -Y -R44100 inputFile33

26



7.1.3 tcl file for recsis1

source /u/group/clas/builds/PRODUCTION/packages/tcl/recsisproc.tcl;2

turnoff ALL;3

global section off;4

turnon seb trk tof egn user pid;5

inputfile InputFile;6

setc chistfilename histfile;7

setc logfile name logfile;8

setc outbanknames(1) ”all”;9

outputfile outfile PROC 2047;10

setc prlinkfile name ”prlinkg11 1920.bos”;11

setc bfieldfile name ”bgridT67to33.fpk”;12

set toruscurrent 1920;13

set mini toruscurrent 0;14

set poltargetcurrent 0;15

set TargetPos(3) -10.;16

set trkmaxiter 8;17

set trkminhits(1) 2;18

set trk lrambfit chi2 50.;19

set trk tbtfit chi2 70.;20

set trkprfit chi2 70.;21

set trkstatistics 3 ;22

set dcxvst choice 0;23

set defadc -1;24

set deftdc -1;25

set defatten -1;26

set defgeom -1;27

set sttaggermatch 15.;28

set lstdo -1;29

set lpidmaketrks 0;30

set photontrig type 4;31

fpack ”timestop -9999999999”32

setc recprompt ”CLASCHEFrecsis> ”;33

go 2000000;34

exit pend;35
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