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LHCB CHARMED (CHARMING!) “PENTAQUARK” PC

Pc(4450)
Pc(4380)

2 Pc states needed to  
describe the results: 

Narrow:  M: 4450 ± 2 ± 3 MeV 
Γ: 39 ± 5 ± 19 MeV 
Wide:  M: 4380 ± 8 ± 29 MeV 
Γ: 205 ± 18 ± 86 MeV 

Spin parity either: 

• 5/2+, 3/2- (most 
likely) 

• 5/2-, 3/2+ 

• 3/2-, 5/2+ 



NEW LHCB RESULTS: OBSERVATION OF NEW PENTAQUARKS (26 MARCH 2019)

• 9x more data than 2015 paper 

• Previous results are consistent 

BUT!!! 

There is a new state:  

M: 4311.9±0.7+6.8/-0.6 MeV 

Γ: 9.8±2.7+3.7/-4.5 MeV 

AND 

Pc(4450) is resolved into 2 narrow peaks 

★Pc(4440)  
M: 4440.3±1.3+4.1/-4.7 MeV 

 Γ = 20.6±4.9+8.7/-10.1 MeV 

★Pc(4457) 

M: 4457.3±0.6+4.1/-1.7 MeV 

Γ = 6.4±2.0+5.7/-1.9 MeV 



J/Ψ PHOTO-PRODUCTION: CURRENT DATA STATUS

t-channel

ᵞ

p P’

J/ψ e-

e+

c✴Measured in many experiments at high Wᵞp  

๏dominated by t-channel 2-gluon 
exchange 

๏Almost no data in threshold region

Pc?



J/Ψ EXPERIMENTS IN JLAB 

GlueX
HALL D

HMS+SHMS
HALL C

CLAS 12
HALL B

SoLID
HALL A

J/ψ  counts (photo-prod.) ~400 ~2100 (4200 with muons) 45/day 1627/day

J/ψ Rate (electro-prod.) 86/day

Experiment E12-16-007 E12-12-001 E12-12-006

PAC days 9+2 130 50

When? Finished Finished Ongoing ~10 years?



PENTAQUARK SEARCH WITH E12-16-007 EXPERIMENT IN HALL C

★ 10.6 GeV beam 
energy 

★ 50  μA  

★ 9% copper 
radiator 

★ 10 cm LH2 target

e-

e+

Ran February 8 - March 5 2019!
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ONLINE ANALYSIS RESULTSPhase 4: medium t Phase 3: high t

Phase 2: mid Eᵞ / low t Phase 1: high Eᵞ / low t

LARGEST DATESET OF J/Ψ 
WITH REAL PHOTO BEAM 



DETECTOR CALIBRATIONS 

SHMS Calorimeter: 2 calibration runs at 3.5 GeV and 4.75 GeV
 / ndf 2χ  163.7 / 14

Constant  7.736e+01± 3.174e+04 
Mean      0.000± 1.002 
Sigma     0.00007± 0.03639 
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DETECTOR CALIBRATIONS 

SHMS Calorimeter calibration check with the production runs

 / ndf 2χ   1406 / 15
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Mean      0.000± 1.043 
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Normalized Deposited Energy in SHMS Shower
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DETECTOR CALIBRATIONS 

SHMS Calorimeter Resolution - obtained from sigma of the Gaussian fit to the E/p peak

 / ndf 2χ  163.7 / 14
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Mean      0.000± 1.002 
Sigma     0.00007± 0.03639 
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DETECTOR CALIBRATIONS 

HMS Calorimeter: 2 calibration runs 4.1 GeV and 4.75 GeV 
 / ndf =   172 / 112χ

Constant  6.427e+01± 1.879e+04 

Mean      0.000± 1.009 

Sigma     0.00009± 0.03284 
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DETECTOR CALIBRATIONS 

SHMS NGCER Calibration with Run 7120
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★ Timing cut to reject hits per event with super low amplitude 

★Calorimeter cut to choose electrons (P.cal.etottracknorm > 0.8) 

★Multiplicity cut to ensure only the pmt under calibration has a hit 

★X and Y cuts at the mirror planes 

★ Pulse Integrals for each pmt were fit to get the calibration constants
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DETECTOR CALIBRATIONS 

SHMS NGCER Calibration with Run 7120

 / ndf 2χ  131.2 / 118
Constant  1.7± 129.9 
Mean      0.25± 70.21 
Sigma     0.3±    20 
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Nitrogen at 1 atm, ~14 npes, 5.7 GeV pion threshold

Estimated npe = (mean/sigma)^2 

Estimated spe pulse int = mean / npe 



DETECTOR CALIBRATIONS 

HMS Cerenkov Calibration Simona’s Calibration Plots with cosmic data
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C4F80 at 0.225 atm, ~5.5 npes, 5.5 GeV pion 
threshold



PARTICLE IDENTIFICATION (PID) STUDIES

Electron Detection Efficiency - the ability to separate electrons from pions.

Ef f iciency =
electrons f ired in the detector of interest

electron sample selected with a detector not under investigation

Pion Rejection Factor 

Electron Cut Efficiency - investigating the electron detection efficiency as a function 
of cut position.

PR factor =
particles identif ied as pions

particles misidentif ied as electrons

Cherenkov Ef f iciency =
electrons f ired in the Cherenkov

electron sample selected with calorimeter

Calorimeter Ef f iciency =
electrons f ired in the Calorimeter

electron sample selected with Cherenkov

Cherenkov PR factor =
pion sample selected with calorimeter

pions fired the Cherenkov

Calorimeter PR factor =
pion sample selected with Cherenkov

pions fired the calorimeter

Clean sample is the key!



PARTICLE IDENTIFICATION (PID) STUDIES

SHMS Calorimeter Electron Efficiency (SHMS 7120 DIS data)
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PARTICLE IDENTIFICATION (PID) STUDIES
SHMS Calorimeter Electron Efficiency
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PARTICLE IDENTIFICATION (PID) STUDIES
SHMS Calorimeter Electron Efficiency
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Electron sample chosen with: 

• Target cuts, excluding mystery events and ngcer car > 8 
npes. 

• Check how many of them passed the calorimeter cut. 

• Study the efficiency as a function of cut position by 
varying it.

SHMS Calorimeter Pion Rejection Factor

Pion sample chosen with: 

• Target cuts, ngcer < 0.5 npe. 

• Check how many of them passed the 
calorimeter. 

• Study the efficiency as a function of cut 
position by varying it. 
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Comparison of the SHMS Calorimeter Efficiency and 
PR factor to the NIM Article

E/p = 0.7  
Efficiency = 99.85% 

PR factor = 15 

E/p = 0.8 
Efficiency = 99.70 

PR factor = 25

My results with 1D etottracknorm cut

Pion Rejection factors and efficiencies for the 
SHMS calorimeter are pretty consistent with 
the NIM article. 



Pion Rejection Factor Calculation 
Method II: 2D etottracknorm + preshower cut
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Etottracknorm > 0.8 & preshower > 0.05

Ef f iciency =
electrons passed etottracknorm and preshower cut

electron sample

PR factor =
pion sample

pions passed etottracknorm and preshower cut

99.37% efficiency 

60 PR factor  

at E/p=0.8



RESULTS

SHMS CUTS: 

Target cuts: 

-4. < y target < 4. 

-0.06 < theta < 0.06 

Calorimeter cut: 

Preshower > 0.05 && etottracknorm > 0.8 

NGCER cut: 1 npe or 2 npes for electron 

NGCER cut: < 0.5 npe for pion 

SHMS 
CALORIMETER EFF PR CUTS

Calorimeter cut 
position for Eff and 

PR factor

PHASE I

abs(y tar) < 4. 

-10 < delta < 22 

abs(xp tar) < 0.06 

Preshower > 0.05 

Total calo. > 0.8

PHASE II

abs(y tar) < 4. 

-10 < delta < 22 

abs(xp tar) < 0.06 

Preshower > 0.05 

Total calo. > 0.8

PHASE III

abs(y tar) < 4. 

-10 < delta < 22 

abs(xp tar) < 0.06 

Preshower > 0.05 

Total calo. > 0.8

PHASE IV

abs(y tar) < 4. 

-10 < delta < 22 

abs(xp tar) < 0.06 

Preshower > 0.05 

Total calo. > 0.8

99.66 +/- 0.18 58 +/- 0.4

99.06 +/- 0.19 68 +/- 0.5

99.58 +/- 0.31 80 +/- 0.9

99.73 +/- 0.30 74 +/- 1.2



SHMS Noble Gas Cherenkov Efficiency and Pion Rejection Factor 
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SHOWER VS PRESHOWER

SHOWER VS PRESHOWER

Electron sample

Pion sample

Electron sample chosen with: 

• Target cuts and 2D calorimeter graphical cut. 

• Check how many of them passed the 
Cherenkov cut. 

• Study the efficiency as a function of cut 
position by varying it.

Pion sample chosen with: 

• Target cuts, 2D calorimeter graphical cut. 

• Check how many of them passed the 
Cherenkov. 

• Study the efficiency as a function of cut 
position by varying it.
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Eff: 96.50 +/- 0.17 
PR: 60 +/- 3.9 at 2 npe

Eff: 97.29 +/- 0.17 
PR : 93 +/- 5.6 at 2 npe

Eff: 98.98 +/- 0.32 
PR: 181 +/- 16.3 at 2 npe

Eff: 98.5 +/- 0.29 
PR: 137+/- 19 at 2 npe
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PHASE III PHASE IV



SHMS 
CHERENKOV EFF PR CUTS

Cherenkov cut 
position for Eff and 

PR factor

PHASE I

abs(y tar) < 4. 

-10 < delta < 22 

abs(xp tar) < 0.06 

2 npes

PHASE II

abs(y tar) < 4. 

-10 < delta < 22 

abs(xp tar) < 0.06 

2 npes

PHASE III

abs(y tar) < 4. 

-10 < delta < 22 

abs(xp tar) < 0.06 

2 npes

PHASE IV

abs(y tar) < 4. 

-10 < delta < 22 

abs(xp tar) < 0.06 

2 npes

96.50 +/- 0.17

97.29 +/- 0.17

98.98 +/- 0.32

98.5 +/- 0.29

60 +/- 3.9

93 +/- 5.6

181 +/- 16.3

137+/- 19



HMS Calorimeter Electron Efficiency 

Electron sample chosen with: 

• Target cuts, hms cherenkov > 3 npe 

• Check how many of them passed the calorimeter + 
preshower cut. 

• Study the efficiency as a function of cut position by 
varying it.

Pion sample chosen with: 

• Target cuts, hms cherenkov not fire. 

• Check how many of them passed the 
calorimeter + preshower cut. 

• Study the efficiency as a function of cut 
position by varying it.
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HMS Cherenkov Electron Efficiency 

Electron sample chosen with: 

• Target cuts, 2D calorimeter cut (not giving clean sample) 

• Check how many of them fired the Cherenkov. 

• Study the efficiency as a function of cut position by 
varying it.

Pion sample chosen with: 

• Target cuts, 2D calorimeter cut. 

• Check how many of them fired the 
Cherenkov. 

• Study the efficiency as a function of cut 
position by varying it.
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PR: 60 +/- 11



Initial Look at Tracking Efficiencies & Yields with Luminosity Scans

★ Loop through the scaler tree and put a flag for the events that provide the following current threshold 
statement:


★ abs(current-central current) < 3 uA.


★ Loop through the data and analyze events only when the current flag is true.

Tracking Efficiency Calculation 

The tracking efficiency for the particles is defined as the ratio of the number of events for which a track was found to the 
number of events for which one expected a track to be found. 

tracking  =  

Nshould is the number of events for which an event passed calorimeter and Cherenkov cuts for electron selection. For the calorimeter 
cut, the total deposited energy is used. This does NOT depend on tracking. It’s normalized by the spectrometer central momentum. 

Ndid is Nshould & TRACK FOUND. 

Nshould: 

P.hod.goodscinhit==1 && 0.5 < P.hod.betanotrack < 1.4 &&  0.6 < P.cal.etotnorm < 1.6 && P.ngcer.npeSum > 2.0 

Ndid: 

Nshould && P.dc.ntrack > 0. 

ϵ
Ndid

Nshould





Yield Calculation 

• Select events etottracknorm > 0.8 && eprtracknorm > 0.05 && P.ngcer.npeSum 
> 2. && -10. < delta < 22. && abs(target_theta) > 0.06 && abs(target_phi) > 0.08 

• While calculating the yields, separate the SHMS single events (prescaled) and 
the coincidence events with the event type cut == 1 and == 4 respectively. 

• Total events = ((shms_singles)* prescale value + coin events) 

• Yield per charge = total events / (tracking eff * charge) 
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SUMMARY

E12-16-007, high impact experiment 

★ True nature of the LHCb pentaquark “Pc” 

★ J/Ψ photo production absolute cross section. 

★ High precision measurement of t dependent cross 
section between 9-10.6 GeV 

★ Largest dataset of J/ψ produced with real photon beam.

This work is supported by the Department of Energy through grant DE-FG02-94ER4084
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P.hod.goodscinhit==1


• This is a flag and it’s on when the value is 1.


1) All planes have a hit. (4/4 trigger)

2) Defines a fiducial region for a possible track.

3) Possible track definition:


• The code looks to see if there are hits within the certain 
hood paddles in each plane.

• 4-11 paddles in 1X

• 4-10 paddles in 2X

• 4-11 paddles in 1Y

• 6-16 paddles in 2Y


• Certain distance between 1X and 2X and also 1Y and 2Y.
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• P.hod.betanotrack


• Beta = v / c      where v = d / t


• The code selects hodoscope hits which have a hit in both 
sides of the PADDLE (each pmt at each end of the 
paddle)


• d = the distance between the centers of the paddles of 
different planes.


• t = time passed between the paddles in question
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• P.cal.etotnorm


• Total energy deposited in the calorimeter normalized by 
the spectrometer momentum (no track dependence)
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MUON CHANNEL: ONLINE RESULTS
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