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RECONSTRUCTION OVERVIEW

THE GOAL IS TO DETERMINE THE ANGLE THAT A GIVEN PHOTON MEASURED IN 
THE FDIRC MAKES WITH RESPECT TO A TRACK

IF WE CALL THE TRACK DIRECTION VECTOR p AND THE PHOTON DIRECTION AT 

THE POINT OF CREATION k, THEN:

TRACKING SYSTEM MEASURES p, FDIRC MEASURES k.

FDIRC NEEDS TO TRANSLATE A HIT IN A PMT PIXEL INTO A k-VECTOR

NOTE THAT kx, ky AND kz ARE NOT INDEPENDENT (UNIT VECTOR):

cosθC = p̂ ⋅ k̂ = pxkx + pyky + pzkz
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kz = sgn(kz ) 1− kx
2 − ky

2
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DEFINE SECTOR 
COORDINATE SYSTEM

z = 0 IS AT IP, SO FBLOCK AND PMTS ARE AT NEGATIVE z.
IMPLIES THAT ALL PHOTONS WILL HAVE NEGATIVE kz WHEN 

THEY GET TO THE FBLOCK

Y

Z
X
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DEFINE SECTOR 
COORDINATE SYSTEM

VIEW FROM BEHIND FBLOCK (FROM NEGATIVE Z)

NOTE THE BAR 1 IS AT POSITIVE X, BAR 12 IS AT NEGATIVE X

Y

Z
X

Y

X
Z

BAR 1

BAR 12
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BAR AMBIGUIITIES
(8-FOLD AMBIGUITY)

AS THE PHOTON PROPAGATES THROUGH THE BAR ITS DIRECTION CHANGES W.R.T. ITS ORIGINAL 

DIRECTION:

EACH BOUNCE IN THE HORIZONTAL DIRECTION CHANGES THE SIGN OF KX

SIMILAR FOR VERTICAL BOUNCES AND KY

AND FORWARD-GOING PHOTONS THAT HIT THE END MIRROR CHANGE SIGN OF KZ

IN GENERAL, THE PHOTON’S DIRECTION AS IT LEAVES THE BAR IS RELATED TO THE GENERATED 

DIRECTION BY:

WE MAKE NO ATTEMPT TO ACTUALLY CALCULATE THE NUMBER OF BOUNCES SO WE TREAT THESE 
SOLUTIONS AS AMBIGUITIES

IN REALITY, TIMING WILL RESOLVE THE Z-AMBIGUITY AND SOME OF THE AMBIGUITIES WILL GIVE RISE TO 

NON-PHYSICAL VALUES OF THE ČERENKOV ANGLE.

 

kBar = (±)x kx x̂ + (±)y ky ŷ + (±)z kzẑ
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AFTER THE BAR

ONCE THE PHOTON LEAVES THE BAR IT PROPAGATES THROUGH:

WEDGE

WINDOW

NEW WEDGE

FBLOCK

(AND VARIOUS GLUE JOINTS)

THEN DETECTED IN A PIXEL OF A PMT

CHALLENGE IS TO MAP A HIT IN A PIXEL (AND KNOWLEDGE FROM TRACK ABOUT 
WHICH BAR WAS HIT) TO A (KX, KY) DIRECTION AT THE EXIT OF THE BAR
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SINGLE PHOTON 
GENERATOR

THIS MAPPING IS DONE BE PROPAGATING SINGLE PHOTONS WITH A 
FIXED WAVELENGTH THROUGH THE DETECTOR

PHOTONS ARE GENERATED ISOTROPICALLY IN DIRECTION

ONLY ABOUT 27% ARE INTERNALLY REFLECTED AND HIT PMTS
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PHOTON DICTIONARY

THE OUTPUT OF THE SINGLE PHOTON SIMULATION IS USED TO CREATE A 
DICTIONARY OR LOOK-UP TABLE THAT MAPS (BAR, PIXEL) INFORMATION TO
(KX, KY, T)

FOR FULLY INSTRUMENTED FDIRC, THERE ARE 12 (BARS) X 48 (PMT) X 32 

(PIXELS) = 18,432 CELLS IN THE DICTIONARY

THERE CAN BE MULTIPLE PATHS THAT GO FROM A GIVEN BAR TO A GIVEN PIXEL, 
SO EACH CELL NEEDS TO BE MULTI-VALUED

THIS IS ON TOP OF THE 8-FOLD BAR AMBIGUITY
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Pixel Map, Bar 3, Pixel 800

KY VS KX

ONE PIXEL: BAR 3, PIXEL 800

THESE ARE THE (KX, KY) 
“COORDINATES” OF PHOTONS THAT 

LEFT BAR 3 AND HIT PIXEL 800

EACH CLUSTER OF PHOTONS 
REPRESENTS A DISTINCT PATH THAT 
MAPS A PHOTON FROM THIS BAR TO 
THIS PIXEL
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CLUSTERING ALGORITHM
RUN A SIMPLE “NEAREST NEIGHBOR” CLUSTERING ALGORITHM ON ALL OF THE RAW 
DATA FROM THE PREVIOUS PAGE TO REDUCE THE DICTIONARY TO A SET OF CLUSTERS

“NEAREST” IS DEFINED BY A DISTANCE IN (KX, KY, TIME) SPACE:

THE CLOSEST PAIR WITHIN A PIXEL IS MERGED INTO A SINGLE CLUSTER

STORE AVERAGE (KX, KY, TIME)

ALSO STORE RMS OF (KX, KY, TIME) AND NUMBER OF PHOTONS USED IN THE 
CLUSTER

di, j
2 =

kx,i − kx, j( )2
σ kx
2 +

ky,i − ky, j( )2
σ ky
2 +

ti − t j( )2
σ t
2
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Constant = 3.446e+07 

Mean      3.907e-07

Sigma     0.01363
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Mean      3.907e-07

Sigma     0.01363

kX Difference

Constant = 3.007e+07 

Mean      -1.43e-06
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Time Difference

RESOLUTIONS USED 
TO DETERMINE 

CLUSTER 
SEPARATION
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CLUSTERING ALGORITHM
EACH MERGING REDUCES THE NUMBER OF CLUSTERS BY ONE

RUN RECURSIVELY UNTIL THE NEAREST DISTANCE IS GREATER THAN SOME CUTOFF

THE TIME TO RUN THIS SCALES LIKE N3.

CURRENTLY TAKES ABOUT 1 DAY OF CPU USING 5 MILLION GENERATED 
PHOTONS PER BAR, 12 JOBS RUNNING IN PARALLEL.

IF WE WANTED 10 TIMES THE STATISTICS, FOR EXAMPLE, IT WOULD TAKE 3 YEARS.
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Clustered Pixel Map, Bar 3, Pixel 800

CLUSTERED:
KY VS KX

ONE PIXEL: BAR 3, PIXEL 800

REQUIRE THAT THERE BE AT LEAST 5 
PHOTONS IN THE CLUSTER

SIZE OF MARKER REPRESENTS RMS 
OF CLUSTER
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Clustered Pixel Map, Bar 3, Pixel 800

IDENTIFYING THE PATHS

FOUR DISTINCT GROUPS IN KY 
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Clustered Pixel Map, Bar 3, Pixel 800
IDENTIFYING THE PATHS

SEVERAL DISTINCT GROUPS IN KX 
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hClusters
Entries  18432
Mean    16.94
RMS     7.218
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Entries  18432
Mean    16.94
RMS     7.218

Number of Clusters per Pixel in Dictionary
NUMBER OF 
CLUSTERS/PIXEL

REQUIRE >=5 PHOTONS IN A 
CLUSTER

REMEMBER, THIS IS ON TOP OF 

THE 8-FOLD ABMIGUITY
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LOOK AT SINGLE PHOTON RESOLUTION

SIMULATED 100,000 COSMIC-LIKE MUONS.

SIMILAR ACCEPTANCE TO CRT

THIS IS USING FULLY INSTRUMENTED FDIRC, SO IS A LITTLE DIFFERENT FROM 
PROTOTYPE, BUT TECHNIQUE WOULD BE SIMILAR
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hTime
Entries    2.154466e+07

Mean   0.02892

RMS     1.695

Time - Expected Time (ns)
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310× hTime
Entries    2.154466e+07

Mean   0.02892

RMS     1.695

Time - Expected Time

TIME RESOLUTION

CUTTING ON PHOTON TIME - 
EXPECTED TIME RESOLVES Z-
AMBIGUITY AND OTHERS

NO TIME SMEARING IN SIMULATION

THERE IS CHROMATIC SMEARING

CUT AT +/- 3 NS
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hTheta
Entries    1.831132e+07

Mean    0.828

RMS    0.03292

 / ndf 2r  2.543e+04 / 94

Constant  2.126e+02± 3.443e+05 

Mean      0.000± 0.824 

Sigma     0.00001± 0.01205 

p0        3.519e+02± -5.611e+06 

p1        6.071e+02± 1.359e+07 

p2        5.213e+02± -8.037e+06 
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310× hTheta

Entries    1.831132e+07

Mean    0.828

RMS    0.03292

 / ndf 2r  2.543e+04 / 94

Constant  2.126e+02± 3.443e+05 

Mean      0.000± 0.824 

Sigma     0.00001± 0.01205 

p0        3.519e+02± -5.611e+06 

p1        6.071e+02± 1.359e+07 

p2        5.213e+02± -8.037e+06 

Single Photon ResolutionSINGLE PHOTON 
RESOLUTION

TOTAL NUMBER OF PHOTONS:

1,164,423

TOTAL NUMBER OF ENTRIES:

18,311,324

IMPLIES ON AVERAGE 15.7 

SOLUTIONS / PHOTON STILL SURVIVE

SIGMA ~ 12 MRAD
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DIFFERENT CLUSTERING

LOOKING AT THE REFLECTION SYMMETRY IN THE KY VS. KX PLOTS, AND GIVEN 
THAT WE ARE ACCOUNTING FOR THE 8-FOLD AMBIGUITY EXPLICITLY, IT MIGHT 
MAKE SENSE TO CLUSTER IN |KX|, |KY| INSTEAD

THE SYMMETRY ISN’T PERFECT

TRADE OFF BETWEEN HAVING TOO MANY SOLUTIONS VS. FEWER BUT 
MAYBE NOT AS ACCURATE

BUT WE ARE PROBABLY DOUBLE COUNTING AT SOME LEVEL
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hTheta
Entries  3369103

Mean   0.8275

RMS    0.03289

 / ndf 2r   2443 / 94

Constant  9.822e+01± 7.537e+04 

Mean      0.0000± 0.8238 

Sigma     0.00001± 0.01105 

p0        1.512e+02± -5.187e+05 

p1        2.601e+02± 1.256e+06 

p2        2.23e+02± -7.29e+05 

 (rad)Ce
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310× hTheta
Entries  3369103

Mean   0.8275

RMS    0.03289

 / ndf 2r   2443 / 94

Constant  9.822e+01± 7.537e+04 

Mean      0.0000± 0.8238 

Sigma     0.00001± 0.01105 

p0        1.512e+02± -5.187e+05 

p1        2.601e+02± 1.256e+06 

p2        2.23e+02± -7.29e+05 

Single Photon ResolutionSINGLE PHOTON 
RESOLUTION

TOTAL NUMBER OF PHOTONS:

1,082,728

TOTAL NUMBER OF ENTRIES:

3,369,103

IMPLIES ON AVERAGE 3.1 

SOLUTIONS / PHOTON STILL SURVIVE

SIGMA ~ 11 MRAD

ABS CLUSTERING
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hTheta
Entries  3369103

Mean   0.8275

RMS    0.03289

 / ndf 2r   2443 / 94

Constant  9.822e+01± 7.537e+04 

Mean      0.0000± 0.8238 

Sigma     0.00001± 0.01105 

p0        1.512e+02± -5.187e+05 

p1        2.601e+02± 1.256e+06 

p2        2.23e+02± -7.29e+05 

 (rad)Ce
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310× hTheta
Entries  3369103

Mean   0.8275

RMS    0.03289

 / ndf 2r   2443 / 94

Constant  9.822e+01± 7.537e+04 

Mean      0.0000± 0.8238 

Sigma     0.00001± 0.01105 

p0        1.512e+02± -5.187e+05 

p1        2.601e+02± 1.256e+06 

p2        2.23e+02± -7.29e+05 

Single Photon Resolution
hTheta

Entries    1.831132e+07

Mean    0.828

RMS    0.03292

 / ndf 2r  2.543e+04 / 94

Constant  2.126e+02± 3.443e+05 

Mean      0.000± 0.824 

Sigma     0.00001± 0.01205 

p0        3.519e+02± -5.611e+06 

p1        6.071e+02± 1.359e+07 

p2        5.213e+02± -8.037e+06 
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Entries    1.831132e+07

Mean    0.828

RMS    0.03292

 / ndf 2r  2.543e+04 / 94

Constant  2.126e+02± 3.443e+05 

Mean      0.000± 0.824 

Sigma     0.00001± 0.01205 

p0        3.519e+02± -5.611e+06 

p1        6.071e+02± 1.359e+07 

p2        5.213e+02± -8.037e+06 

Single Photon Resolution

SIGNED KX, KY ABS KX, KY
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hBest
Entries  1164423

Mean   0.8248

RMS    0.02339

 / ndf 2r   1197 / 94

Constant  9.617e+01± 6.454e+04 

Mean      0.0000± 0.8234 

Sigma     0.00001± 0.00742 

p0        6.521e+01± -2.156e+05 

p1        1.154e+02± 5.271e+05 

p2        9.600e+01± -3.159e+05 
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hBest
Entries  1164423

Mean   0.8248

RMS    0.02339

 / ndf 2r   1197 / 94

Constant  9.617e+01± 6.454e+04 

Mean      0.0000± 0.8234 

Sigma     0.00001± 0.00742 

p0        6.521e+01± -2.156e+05 

p1        1.154e+02± 5.271e+05 

p2        9.600e+01± -3.159e+05 

Single Photon Resolution (Cheat)
hBest

Entries  1082728

Mean   0.8271

RMS    0.02745

 / ndf 2r   1351 / 94

Constant  6.50e+01± 3.57e+04 

Mean      0.000± 0.824 

Sigma     0.00002± 0.01042 

p0        7.201e+01± -2.684e+05 

p1        1.273e+02± 6.481e+05 

p2        1.071e+02± -3.835e+05 
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Entries  1082728

Mean   0.8271

RMS    0.02745

 / ndf 2r   1351 / 94

Constant  6.50e+01± 3.57e+04 

Mean      0.000± 0.824 

Sigma     0.00002± 0.01042 

p0        7.201e+01± -2.684e+05 

p1        1.273e+02± 6.481e+05 

p2        1.071e+02± -3.835e+05 

Single Photon Resolution (Cheat)

CHEATING TO PICK 
“BEST” SOLUTION

IF I TRY TO RESOLVE AMBIGUITIES BY PICKING THE SOLUTION FROM THE 
DICTIONARY THAT BEST MATCHES THE PHOTONS TRUE (KX, KY) AS IT LEFT THE 

BAR, WE GET THE ABOVE PLOTS.

HERE WE SEE THE BENEFIT OF NOT DOING THE ABSOLUTE VALUE CLUSTERING.  
THE RIGHT SOLUTION IS IN THERE, WE JUST NEED TO DIG IT OUT SOMEHOW

SIGNED CLUSTERING

σ = 7.4 MRAD ABS CLUSTERING

σ = 10.4 MRAD
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CONCLUSION
WE ARE PUTTING TOGETHER TOOLS AND DEVELOPING SOME UNDERSTANDING OF 

THE ANALYSIS ISSUES THAT WILL BE PUT TO THE TEST WITH THE FDIRC PROTOTYPE

THIS HAS ALL BEEN ABOUT SINGLE PHOTON RESOLUTION.  IN THE END, WE WANT 

SOMETHING ASSOCIATED WITH A TRACK.

COULD GET SOME AMBIGUITY RESOLVING POWER FROM CORRELATING 
SOLUTIONS ACROSS PHOTONS

ALSO, THERE ARE ONLY 5 DISCREET SOLUTIONS THAT WE ARE TRYING TO 

DISTINGUISH: e, µ, π, K, P

STILL HAVE TO IMPLEMENT:

CHROMATIC CORRECTION

PMT CROSS TALK
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