
LED Timing Calibration Update

Goal: using LED data to determine per-pixel/channel 
timing offsets to be put into CCDB 

This study (a closure test): in simulation, inject 
some offsets by hand and see if (and how well) we 
can recover the injected offsets

Yunjie Yang, 1/22/19



PMT Hit Time in MC and data

In MC:

In data (LED):
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LED source setting

opening angle: 25 degree 
inclination angle: 0 degree 
z-position: at the reflective surface of the back mirror

back mirror



tpath
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shortest: ~35 cm
longest: ~57 cm

n ~ 1.34 
v in water: ~22.4 cm/ns 
=> Δt ~ 1 ns

=> bonus: agreement between simulation output and 
pen-and-paper calculation

t = t
path

+ t
pulse shape

+ t
feedthrough delay

+ t
time reso.
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tpulse shape
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is a number drawn from this pulse shape PDF:tpulse shape
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~ 0.84 ns
FWHM ~ 1.5 ns

2− 1.5− 1− 0.5− 0 0.5 1 1.5 2
Pulse Time [ns]

a.
u.

LED Pulse ShapeLED Pulse Shape

t = t
path

+ t
pulse shape

+ t
feedthrough delay

+ t
time reso.

+ t
o↵set,i

<latexit sha1_base64="yMtX3LD+j90pSAd/0eKGgox6BkY="></latexit><latexit sha1_base64="yMtX3LD+j90pSAd/0eKGgox6BkY="></latexit><latexit sha1_base64="yMtX3LD+j90pSAd/0eKGgox6BkY="></latexit><latexit sha1_base64="yMtX3LD+j90pSAd/0eKGgox6BkY="></latexit>



t
feedthrough delay

<latexit sha1_base64="4Csa4Vl1U1ZWVjQME0sehGuEZ54=">AAACE3icbVC7SgNBFJ31GeNr1dJmMBHEIuym0TJgYxkhL0hCmJ29mwyZfTBzV1yW/IONv2JjoYitjZ1/4+RRaOKBC4dz7uXee7xECo2O822trW9sbm0Xdoq7e/sHh/bRcUvHqeLQ5LGMVcdjGqSIoIkCJXQSBSz0JLS98c3Ub9+D0iKOGpgl0A/ZMBKB4AyNNLAvyz1f6ESyTGMmgeKgh/CAeQDg40jF6XBEfTD2pDywS07FmYGuEndBSmSB+sD+6vkxT0OIkEumddd1EuznTKHgEibFXqohYXzMhtA1NGIh6H4++2lCz43i0yBWpiKkM/X3RM5CrbPQM50hw5Fe9qbif143xeC6n4soSREiPl8UpJJiTKcBUV8o4CgzQxhXwtxK+YgpxtHEWDQhuMsvr5JWteI6FfeuWqo1FnEUyCk5IxfEJVekRm5JnTQJJ4/kmbySN+vJerHerY9565q1mDkhf2B9/gAhOp76</latexit><latexit sha1_base64="4Csa4Vl1U1ZWVjQME0sehGuEZ54=">AAACE3icbVC7SgNBFJ31GeNr1dJmMBHEIuym0TJgYxkhL0hCmJ29mwyZfTBzV1yW/IONv2JjoYitjZ1/4+RRaOKBC4dz7uXee7xECo2O822trW9sbm0Xdoq7e/sHh/bRcUvHqeLQ5LGMVcdjGqSIoIkCJXQSBSz0JLS98c3Ub9+D0iKOGpgl0A/ZMBKB4AyNNLAvyz1f6ESyTGMmgeKgh/CAeQDg40jF6XBEfTD2pDywS07FmYGuEndBSmSB+sD+6vkxT0OIkEumddd1EuznTKHgEibFXqohYXzMhtA1NGIh6H4++2lCz43i0yBWpiKkM/X3RM5CrbPQM50hw5Fe9qbif143xeC6n4soSREiPl8UpJJiTKcBUV8o4CgzQxhXwtxK+YgpxtHEWDQhuMsvr5JWteI6FfeuWqo1FnEUyCk5IxfEJVekRm5JnTQJJ4/kmbySN+vJerHerY9565q1mDkhf2B9/gAhOp76</latexit><latexit sha1_base64="4Csa4Vl1U1ZWVjQME0sehGuEZ54=">AAACE3icbVC7SgNBFJ31GeNr1dJmMBHEIuym0TJgYxkhL0hCmJ29mwyZfTBzV1yW/IONv2JjoYitjZ1/4+RRaOKBC4dz7uXee7xECo2O822trW9sbm0Xdoq7e/sHh/bRcUvHqeLQ5LGMVcdjGqSIoIkCJXQSBSz0JLS98c3Ub9+D0iKOGpgl0A/ZMBKB4AyNNLAvyz1f6ESyTGMmgeKgh/CAeQDg40jF6XBEfTD2pDywS07FmYGuEndBSmSB+sD+6vkxT0OIkEumddd1EuznTKHgEibFXqohYXzMhtA1NGIh6H4++2lCz43i0yBWpiKkM/X3RM5CrbPQM50hw5Fe9qbif143xeC6n4soSREiPl8UpJJiTKcBUV8o4CgzQxhXwtxK+YgpxtHEWDQhuMsvr5JWteI6FfeuWqo1FnEUyCk5IxfEJVekRm5JnTQJJ4/kmbySN+vJerHerY9565q1mDkhf2B9/gAhOp76</latexit><latexit sha1_base64="4Csa4Vl1U1ZWVjQME0sehGuEZ54=">AAACE3icbVC7SgNBFJ31GeNr1dJmMBHEIuym0TJgYxkhL0hCmJ29mwyZfTBzV1yW/IONv2JjoYitjZ1/4+RRaOKBC4dz7uXee7xECo2O822trW9sbm0Xdoq7e/sHh/bRcUvHqeLQ5LGMVcdjGqSIoIkCJXQSBSz0JLS98c3Ub9+D0iKOGpgl0A/ZMBKB4AyNNLAvyz1f6ESyTGMmgeKgh/CAeQDg40jF6XBEfTD2pDywS07FmYGuEndBSmSB+sD+6vkxT0OIkEumddd1EuznTKHgEibFXqohYXzMhtA1NGIh6H4++2lCz43i0yBWpiKkM/X3RM5CrbPQM50hw5Fe9qbif143xeC6n4soSREiPl8UpJJiTKcBUV8o4CgzQxhXwtxK+YgpxtHEWDQhuMsvr5JWteI6FfeuWqo1FnEUyCk5IxfEJVekRm5JnTQJJ4/kmbySN+vJerHerY9565q1mDkhf2B9/gAhOp76</latexit>

t
feedthrough delay

<latexit sha1_base64="4Csa4Vl1U1ZWVjQME0sehGuEZ54=">AAACE3icbVC7SgNBFJ31GeNr1dJmMBHEIuym0TJgYxkhL0hCmJ29mwyZfTBzV1yW/IONv2JjoYitjZ1/4+RRaOKBC4dz7uXee7xECo2O822trW9sbm0Xdoq7e/sHh/bRcUvHqeLQ5LGMVcdjGqSIoIkCJXQSBSz0JLS98c3Ub9+D0iKOGpgl0A/ZMBKB4AyNNLAvyz1f6ESyTGMmgeKgh/CAeQDg40jF6XBEfTD2pDywS07FmYGuEndBSmSB+sD+6vkxT0OIkEumddd1EuznTKHgEibFXqohYXzMhtA1NGIh6H4++2lCz43i0yBWpiKkM/X3RM5CrbPQM50hw5Fe9qbif143xeC6n4soSREiPl8UpJJiTKcBUV8o4CgzQxhXwtxK+YgpxtHEWDQhuMsvr5JWteI6FfeuWqo1FnEUyCk5IxfEJVekRm5JnTQJJ4/kmbySN+vJerHerY9565q1mDkhf2B9/gAhOp76</latexit><latexit sha1_base64="4Csa4Vl1U1ZWVjQME0sehGuEZ54=">AAACE3icbVC7SgNBFJ31GeNr1dJmMBHEIuym0TJgYxkhL0hCmJ29mwyZfTBzV1yW/IONv2JjoYitjZ1/4+RRaOKBC4dz7uXee7xECo2O822trW9sbm0Xdoq7e/sHh/bRcUvHqeLQ5LGMVcdjGqSIoIkCJXQSBSz0JLS98c3Ub9+D0iKOGpgl0A/ZMBKB4AyNNLAvyz1f6ESyTGMmgeKgh/CAeQDg40jF6XBEfTD2pDywS07FmYGuEndBSmSB+sD+6vkxT0OIkEumddd1EuznTKHgEibFXqohYXzMhtA1NGIh6H4++2lCz43i0yBWpiKkM/X3RM5CrbPQM50hw5Fe9qbif143xeC6n4soSREiPl8UpJJiTKcBUV8o4CgzQxhXwtxK+YgpxtHEWDQhuMsvr5JWteI6FfeuWqo1FnEUyCk5IxfEJVekRm5JnTQJJ4/kmbySN+vJerHerY9565q1mDkhf2B9/gAhOp76</latexit><latexit sha1_base64="4Csa4Vl1U1ZWVjQME0sehGuEZ54=">AAACE3icbVC7SgNBFJ31GeNr1dJmMBHEIuym0TJgYxkhL0hCmJ29mwyZfTBzV1yW/IONv2JjoYitjZ1/4+RRaOKBC4dz7uXee7xECo2O822trW9sbm0Xdoq7e/sHh/bRcUvHqeLQ5LGMVcdjGqSIoIkCJXQSBSz0JLS98c3Ub9+D0iKOGpgl0A/ZMBKB4AyNNLAvyz1f6ESyTGMmgeKgh/CAeQDg40jF6XBEfTD2pDywS07FmYGuEndBSmSB+sD+6vkxT0OIkEumddd1EuznTKHgEibFXqohYXzMhtA1NGIh6H4++2lCz43i0yBWpiKkM/X3RM5CrbPQM50hw5Fe9qbif143xeC6n4soSREiPl8UpJJiTKcBUV8o4CgzQxhXwtxK+YgpxtHEWDQhuMsvr5JWteI6FfeuWqo1FnEUyCk5IxfEJVekRm5JnTQJJ4/kmbySN+vJerHerY9565q1mDkhf2B9/gAhOp76</latexit><latexit sha1_base64="4Csa4Vl1U1ZWVjQME0sehGuEZ54=">AAACE3icbVC7SgNBFJ31GeNr1dJmMBHEIuym0TJgYxkhL0hCmJ29mwyZfTBzV1yW/IONv2JjoYitjZ1/4+RRaOKBC4dz7uXee7xECo2O822trW9sbm0Xdoq7e/sHh/bRcUvHqeLQ5LGMVcdjGqSIoIkCJXQSBSz0JLS98c3Ub9+D0iKOGpgl0A/ZMBKB4AyNNLAvyz1f6ESyTGMmgeKgh/CAeQDg40jF6XBEfTD2pDywS07FmYGuEndBSmSB+sD+6vkxT0OIkEumddd1EuznTKHgEibFXqohYXzMhtA1NGIh6H4++2lCz43i0yBWpiKkM/X3RM5CrbPQM50hw5Fe9qbif143xeC6n4soSREiPl8UpJJiTKcBUV8o4CgzQxhXwtxK+YgpxtHEWDQhuMsvr5JWteI6FfeuWqo1FnEUyCk5IxfEJVekRm5JnTQJJ4/kmbySN+vJerHerY9565q1mDkhf2B9/gAhOp76</latexit>

= 0 /10 / 20 ns

t = t
path

+ t
pulse shape
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feedthrough delay

+ t
time reso.
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o↵set,i

<latexit sha1_base64="yMtX3LD+j90pSAd/0eKGgox6BkY="></latexit><latexit sha1_base64="yMtX3LD+j90pSAd/0eKGgox6BkY="></latexit><latexit sha1_base64="yMtX3LD+j90pSAd/0eKGgox6BkY="></latexit><latexit sha1_base64="yMtX3LD+j90pSAd/0eKGgox6BkY="></latexit>



hSmearAmount_HitTime

Entries  4642425

Mean  0.0004612− 

Std Dev    0.9997
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Entries  4642425

Mean  0.0004612− 

Std Dev    0.9997Hit Time Smear 

σ = 1 ns

t
time reso.

<latexit sha1_base64="slbp96CdOiQNuDM7sP/KhOcczO8=">AAACDHicbVC7SgNBFJ2NrxhfUUubwUSwCrtptAzaWEYwD8iGMDt7kwyZfTBzV1yWfICNv2JjoYitH2Dn3zhJttDEAwOHc87lzj1eLIVG2/62CmvrG5tbxe3Szu7e/kH58Kito0RxaPFIRqrrMQ1ShNBCgRK6sQIWeBI63uR65nfuQWkRhXeYxtAP2CgUQ8EZGmlQrlRdX+hYslRjKoHiwEV4wAxFAFSBjmrTqknZNXsOukqcnFRIjuag/OX6EU8CCJFLpnXPsWPsZ0yh4BKmJTfREDM+YSPoGRqyAHQ/mx8zpWdG8ekwUuaFSOfq74mMBVqngWeSAcOxXvZm4n9eL8HhZT8TYZwghHyxaJhIihGdNUN9oYCjTA1hXAnzV8rHTDGOpr+SKcFZPnmVtOs1x645t/VK4yqvo0hOyCk5Jw65IA1yQ5qkRTh5JM/klbxZT9aL9W59LKIFK585Jn9gff4ACYWblA==</latexit><latexit sha1_base64="slbp96CdOiQNuDM7sP/KhOcczO8=">AAACDHicbVC7SgNBFJ2NrxhfUUubwUSwCrtptAzaWEYwD8iGMDt7kwyZfTBzV1yWfICNv2JjoYitH2Dn3zhJttDEAwOHc87lzj1eLIVG2/62CmvrG5tbxe3Szu7e/kH58Kito0RxaPFIRqrrMQ1ShNBCgRK6sQIWeBI63uR65nfuQWkRhXeYxtAP2CgUQ8EZGmlQrlRdX+hYslRjKoHiwEV4wAxFAFSBjmrTqknZNXsOukqcnFRIjuag/OX6EU8CCJFLpnXPsWPsZ0yh4BKmJTfREDM+YSPoGRqyAHQ/mx8zpWdG8ekwUuaFSOfq74mMBVqngWeSAcOxXvZm4n9eL8HhZT8TYZwghHyxaJhIihGdNUN9oYCjTA1hXAnzV8rHTDGOpr+SKcFZPnmVtOs1x645t/VK4yqvo0hOyCk5Jw65IA1yQ5qkRTh5JM/klbxZT9aL9W59LKIFK585Jn9gff4ACYWblA==</latexit><latexit sha1_base64="slbp96CdOiQNuDM7sP/KhOcczO8=">AAACDHicbVC7SgNBFJ2NrxhfUUubwUSwCrtptAzaWEYwD8iGMDt7kwyZfTBzV1yWfICNv2JjoYitH2Dn3zhJttDEAwOHc87lzj1eLIVG2/62CmvrG5tbxe3Szu7e/kH58Kito0RxaPFIRqrrMQ1ShNBCgRK6sQIWeBI63uR65nfuQWkRhXeYxtAP2CgUQ8EZGmlQrlRdX+hYslRjKoHiwEV4wAxFAFSBjmrTqknZNXsOukqcnFRIjuag/OX6EU8CCJFLpnXPsWPsZ0yh4BKmJTfREDM+YSPoGRqyAHQ/mx8zpWdG8ekwUuaFSOfq74mMBVqngWeSAcOxXvZm4n9eL8HhZT8TYZwghHyxaJhIihGdNUN9oYCjTA1hXAnzV8rHTDGOpr+SKcFZPnmVtOs1x645t/VK4yqvo0hOyCk5Jw65IA1yQ5qkRTh5JM/klbxZT9aL9W59LKIFK585Jn9gff4ACYWblA==</latexit><latexit sha1_base64="slbp96CdOiQNuDM7sP/KhOcczO8=">AAACDHicbVC7SgNBFJ2NrxhfUUubwUSwCrtptAzaWEYwD8iGMDt7kwyZfTBzV1yWfICNv2JjoYitH2Dn3zhJttDEAwOHc87lzj1eLIVG2/62CmvrG5tbxe3Szu7e/kH58Kito0RxaPFIRqrrMQ1ShNBCgRK6sQIWeBI63uR65nfuQWkRhXeYxtAP2CgUQ8EZGmlQrlRdX+hYslRjKoHiwEV4wAxFAFSBjmrTqknZNXsOukqcnFRIjuag/OX6EU8CCJFLpnXPsWPsZ0yh4BKmJTfREDM+YSPoGRqyAHQ/mx8zpWdG8ekwUuaFSOfq74mMBVqngWeSAcOxXvZm4n9eL8HhZT8TYZwghHyxaJhIihGdNUN9oYCjTA1hXAnzV8rHTDGOpr+SKcFZPnmVtOs1x645t/VK4yqvo0hOyCk5Jw65IA1yQ5qkRTh5JM/klbxZT9aL9W59LKIFK585Jn9gff4ACYWblA==</latexit>

t = t
path

+ t
pulse shape

+ t
feedthrough delay

+ t
time reso.

+ t
o↵set,i

<latexit sha1_base64="yMtX3LD+j90pSAd/0eKGgox6BkY="></latexit><latexit sha1_base64="yMtX3LD+j90pSAd/0eKGgox6BkY="></latexit><latexit sha1_base64="yMtX3LD+j90pSAd/0eKGgox6BkY="></latexit><latexit sha1_base64="yMtX3LD+j90pSAd/0eKGgox6BkY="></latexit>

t
time reso.

<latexit sha1_base64="slbp96CdOiQNuDM7sP/KhOcczO8=">AAACDHicbVC7SgNBFJ2NrxhfUUubwUSwCrtptAzaWEYwD8iGMDt7kwyZfTBzV1yWfICNv2JjoYitH2Dn3zhJttDEAwOHc87lzj1eLIVG2/62CmvrG5tbxe3Szu7e/kH58Kito0RxaPFIRqrrMQ1ShNBCgRK6sQIWeBI63uR65nfuQWkRhXeYxtAP2CgUQ8EZGmlQrlRdX+hYslRjKoHiwEV4wAxFAFSBjmrTqknZNXsOukqcnFRIjuag/OX6EU8CCJFLpnXPsWPsZ0yh4BKmJTfREDM+YSPoGRqyAHQ/mx8zpWdG8ekwUuaFSOfq74mMBVqngWeSAcOxXvZm4n9eL8HhZT8TYZwghHyxaJhIihGdNUN9oYCjTA1hXAnzV8rHTDGOpr+SKcFZPnmVtOs1x645t/VK4yqvo0hOyCk5Jw65IA1yQ5qkRTh5JM/klbxZT9aL9W59LKIFK585Jn9gff4ACYWblA==</latexit><latexit sha1_base64="slbp96CdOiQNuDM7sP/KhOcczO8=">AAACDHicbVC7SgNBFJ2NrxhfUUubwUSwCrtptAzaWEYwD8iGMDt7kwyZfTBzV1yWfICNv2JjoYitH2Dn3zhJttDEAwOHc87lzj1eLIVG2/62CmvrG5tbxe3Szu7e/kH58Kito0RxaPFIRqrrMQ1ShNBCgRK6sQIWeBI63uR65nfuQWkRhXeYxtAP2CgUQ8EZGmlQrlRdX+hYslRjKoHiwEV4wAxFAFSBjmrTqknZNXsOukqcnFRIjuag/OX6EU8CCJFLpnXPsWPsZ0yh4BKmJTfREDM+YSPoGRqyAHQ/mx8zpWdG8ekwUuaFSOfq74mMBVqngWeSAcOxXvZm4n9eL8HhZT8TYZwghHyxaJhIihGdNUN9oYCjTA1hXAnzV8rHTDGOpr+SKcFZPnmVtOs1x645t/VK4yqvo0hOyCk5Jw65IA1yQ5qkRTh5JM/klbxZT9aL9W59LKIFK585Jn9gff4ACYWblA==</latexit><latexit sha1_base64="slbp96CdOiQNuDM7sP/KhOcczO8=">AAACDHicbVC7SgNBFJ2NrxhfUUubwUSwCrtptAzaWEYwD8iGMDt7kwyZfTBzV1yWfICNv2JjoYitH2Dn3zhJttDEAwOHc87lzj1eLIVG2/62CmvrG5tbxe3Szu7e/kH58Kito0RxaPFIRqrrMQ1ShNBCgRK6sQIWeBI63uR65nfuQWkRhXeYxtAP2CgUQ8EZGmlQrlRdX+hYslRjKoHiwEV4wAxFAFSBjmrTqknZNXsOukqcnFRIjuag/OX6EU8CCJFLpnXPsWPsZ0yh4BKmJTfREDM+YSPoGRqyAHQ/mx8zpWdG8ekwUuaFSOfq74mMBVqngWeSAcOxXvZm4n9eL8HhZT8TYZwghHyxaJhIihGdNUN9oYCjTA1hXAnzV8rHTDGOpr+SKcFZPnmVtOs1x645t/VK4yqvo0hOyCk5Jw65IA1yQ5qkRTh5JM/klbxZT9aL9W59LKIFK585Jn9gff4ACYWblA==</latexit><latexit sha1_base64="slbp96CdOiQNuDM7sP/KhOcczO8=">AAACDHicbVC7SgNBFJ2NrxhfUUubwUSwCrtptAzaWEYwD8iGMDt7kwyZfTBzV1yWfICNv2JjoYitH2Dn3zhJttDEAwOHc87lzj1eLIVG2/62CmvrG5tbxe3Szu7e/kH58Kito0RxaPFIRqrrMQ1ShNBCgRK6sQIWeBI63uR65nfuQWkRhXeYxtAP2CgUQ8EZGmlQrlRdX+hYslRjKoHiwEV4wAxFAFSBjmrTqknZNXsOukqcnFRIjuag/OX6EU8CCJFLpnXPsWPsZ0yh4BKmJTfREDM+YSPoGRqyAHQ/mx8zpWdG8ekwUuaFSOfq74mMBVqngWeSAcOxXvZm4n9eL8HhZT8TYZwghHyxaJhIihGdNUN9oYCjTA1hXAnzV8rHTDGOpr+SKcFZPnmVtOs1x645t/VK4yqvo0hOyCk5Jw65IA1yQ5qkRTh5JM/klbxZT9aL9W59LKIFK585Jn9gff4ACYWblA==</latexit>

• encodes resolution in time measurement, including 
PMT and electronics resolution; 

• is a number drawn from this pulse shape PDF:



t
o↵set,i

<latexit sha1_base64="Vj5gGfRqMRSg4H2DnHSVx48Kq9c=">AAACCnicbVC7SgNBFJ2Nrxhfq5Y2o4lgIWE3jZYBG8sIeUESwuzkbjJk9sHMXXFZUtv4KzYWitj6BXb+jZNHoYkHLhzOuZd77/FiKTQ6zreVW1vf2NzKbxd2dvf2D+zDo6aOEsWhwSMZqbbHNEgRQgMFSmjHCljgSWh545up37oHpUUU1jGNoRewYSh8wRkaqW+flroDoWPJUo2pBIr9LsIDZpHva8BLMSn17aJTdmagq8RdkCJZoNa3v7qDiCcBhMgl07rjOjH2MqZQcAmTQjfREDM+ZkPoGBqyAHQvm70yoedGGVA/UqZCpDP190TGAq3TwDOdAcORXvam4n9eJ0H/upeJME4QQj5f5CeSYkSnudCBUMBRpoYwroS5lfIRU4yjSa9gQnCXX14lzUrZdcruXaVYrS/iyJMTckYuiEuuSJXckhppEE4eyTN5JW/Wk/VivVsf89actZg5Jn9gff4AwRqa+A==</latexit><latexit sha1_base64="Vj5gGfRqMRSg4H2DnHSVx48Kq9c=">AAACCnicbVC7SgNBFJ2Nrxhfq5Y2o4lgIWE3jZYBG8sIeUESwuzkbjJk9sHMXXFZUtv4KzYWitj6BXb+jZNHoYkHLhzOuZd77/FiKTQ6zreVW1vf2NzKbxd2dvf2D+zDo6aOEsWhwSMZqbbHNEgRQgMFSmjHCljgSWh545up37oHpUUU1jGNoRewYSh8wRkaqW+flroDoWPJUo2pBIr9LsIDZpHva8BLMSn17aJTdmagq8RdkCJZoNa3v7qDiCcBhMgl07rjOjH2MqZQcAmTQjfREDM+ZkPoGBqyAHQvm70yoedGGVA/UqZCpDP190TGAq3TwDOdAcORXvam4n9eJ0H/upeJME4QQj5f5CeSYkSnudCBUMBRpoYwroS5lfIRU4yjSa9gQnCXX14lzUrZdcruXaVYrS/iyJMTckYuiEuuSJXckhppEE4eyTN5JW/Wk/VivVsf89actZg5Jn9gff4AwRqa+A==</latexit><latexit sha1_base64="Vj5gGfRqMRSg4H2DnHSVx48Kq9c=">AAACCnicbVC7SgNBFJ2Nrxhfq5Y2o4lgIWE3jZYBG8sIeUESwuzkbjJk9sHMXXFZUtv4KzYWitj6BXb+jZNHoYkHLhzOuZd77/FiKTQ6zreVW1vf2NzKbxd2dvf2D+zDo6aOEsWhwSMZqbbHNEgRQgMFSmjHCljgSWh545up37oHpUUU1jGNoRewYSh8wRkaqW+flroDoWPJUo2pBIr9LsIDZpHva8BLMSn17aJTdmagq8RdkCJZoNa3v7qDiCcBhMgl07rjOjH2MqZQcAmTQjfREDM+ZkPoGBqyAHQvm70yoedGGVA/UqZCpDP190TGAq3TwDOdAcORXvam4n9eJ0H/upeJME4QQj5f5CeSYkSnudCBUMBRpoYwroS5lfIRU4yjSa9gQnCXX14lzUrZdcruXaVYrS/iyJMTckYuiEuuSJXckhppEE4eyTN5JW/Wk/VivVsf89actZg5Jn9gff4AwRqa+A==</latexit><latexit sha1_base64="Vj5gGfRqMRSg4H2DnHSVx48Kq9c=">AAACCnicbVC7SgNBFJ2Nrxhfq5Y2o4lgIWE3jZYBG8sIeUESwuzkbjJk9sHMXXFZUtv4KzYWitj6BXb+jZNHoYkHLhzOuZd77/FiKTQ6zreVW1vf2NzKbxd2dvf2D+zDo6aOEsWhwSMZqbbHNEgRQgMFSmjHCljgSWh545up37oHpUUU1jGNoRewYSh8wRkaqW+flroDoWPJUo2pBIr9LsIDZpHva8BLMSn17aJTdmagq8RdkCJZoNa3v7qDiCcBhMgl07rjOjH2MqZQcAmTQjfREDM+ZkPoGBqyAHQvm70yoedGGVA/UqZCpDP190TGAq3TwDOdAcORXvam4n9eJ0H/upeJME4QQj5f5CeSYkSnudCBUMBRpoYwroS5lfIRU4yjSa9gQnCXX14lzUrZdcruXaVYrS/iyJMTckYuiEuuSJXckhppEE4eyTN5JW/Wk/VivVsf89actZg5Jn9gff4AwRqa+A==</latexit>
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Injected Per-Channel Offsets (South Box)

For each channel, choose a random number between [-1,1]:

Note: The map is generated for all channels, but only 
showing the ones that will be populated with LEDs this time. 

t = t
path

+ t
pulse shape

+ t
feedthrough delay

+ t
time reso.

+ t
o↵set,i

<latexit sha1_base64="yMtX3LD+j90pSAd/0eKGgox6BkY="></latexit><latexit sha1_base64="yMtX3LD+j90pSAd/0eKGgox6BkY="></latexit><latexit sha1_base64="yMtX3LD+j90pSAd/0eKGgox6BkY="></latexit><latexit sha1_base64="yMtX3LD+j90pSAd/0eKGgox6BkY="></latexit>



Strategy to extract t
o↵set,i

<latexit sha1_base64="Vj5gGfRqMRSg4H2DnHSVx48Kq9c=">AAACCnicbVC7SgNBFJ2Nrxhfq5Y2o4lgIWE3jZYBG8sIeUESwuzkbjJk9sHMXXFZUtv4KzYWitj6BXb+jZNHoYkHLhzOuZd77/FiKTQ6zreVW1vf2NzKbxd2dvf2D+zDo6aOEsWhwSMZqbbHNEgRQgMFSmjHCljgSWh545up37oHpUUU1jGNoRewYSh8wRkaqW+flroDoWPJUo2pBIr9LsIDZpHva8BLMSn17aJTdmagq8RdkCJZoNa3v7qDiCcBhMgl07rjOjH2MqZQcAmTQjfREDM+ZkPoGBqyAHQvm70yoedGGVA/UqZCpDP190TGAq3TwDOdAcORXvam4n9eJ0H/upeJME4QQj5f5CeSYkSnudCBUMBRpoYwroS5lfIRU4yjSa9gQnCXX14lzUrZdcruXaVYrS/iyJMTckYuiEuuSJXckhppEE4eyTN5JW/Wk/VivVsf89actZg5Jn9gff4AwRqa+A==</latexit><latexit sha1_base64="Vj5gGfRqMRSg4H2DnHSVx48Kq9c=">AAACCnicbVC7SgNBFJ2Nrxhfq5Y2o4lgIWE3jZYBG8sIeUESwuzkbjJk9sHMXXFZUtv4KzYWitj6BXb+jZNHoYkHLhzOuZd77/FiKTQ6zreVW1vf2NzKbxd2dvf2D+zDo6aOEsWhwSMZqbbHNEgRQgMFSmjHCljgSWh545up37oHpUUU1jGNoRewYSh8wRkaqW+flroDoWPJUo2pBIr9LsIDZpHva8BLMSn17aJTdmagq8RdkCJZoNa3v7qDiCcBhMgl07rjOjH2MqZQcAmTQjfREDM+ZkPoGBqyAHQvm70yoedGGVA/UqZCpDP190TGAq3TwDOdAcORXvam4n9eJ0H/upeJME4QQj5f5CeSYkSnudCBUMBRpoYwroS5lfIRU4yjSa9gQnCXX14lzUrZdcruXaVYrS/iyJMTckYuiEuuSJXckhppEE4eyTN5JW/Wk/VivVsf89actZg5Jn9gff4AwRqa+A==</latexit><latexit sha1_base64="Vj5gGfRqMRSg4H2DnHSVx48Kq9c=">AAACCnicbVC7SgNBFJ2Nrxhfq5Y2o4lgIWE3jZYBG8sIeUESwuzkbjJk9sHMXXFZUtv4KzYWitj6BXb+jZNHoYkHLhzOuZd77/FiKTQ6zreVW1vf2NzKbxd2dvf2D+zDo6aOEsWhwSMZqbbHNEgRQgMFSmjHCljgSWh545up37oHpUUU1jGNoRewYSh8wRkaqW+flroDoWPJUo2pBIr9LsIDZpHva8BLMSn17aJTdmagq8RdkCJZoNa3v7qDiCcBhMgl07rjOjH2MqZQcAmTQjfREDM+ZkPoGBqyAHQvm70yoedGGVA/UqZCpDP190TGAq3TwDOdAcORXvam4n9eJ0H/upeJME4QQj5f5CeSYkSnudCBUMBRpoYwroS5lfIRU4yjSa9gQnCXX14lzUrZdcruXaVYrS/iyJMTckYuiEuuSJXckhppEE4eyTN5JW/Wk/VivVsf89actZg5Jn9gff4AwRqa+A==</latexit><latexit sha1_base64="Vj5gGfRqMRSg4H2DnHSVx48Kq9c=">AAACCnicbVC7SgNBFJ2Nrxhfq5Y2o4lgIWE3jZYBG8sIeUESwuzkbjJk9sHMXXFZUtv4KzYWitj6BXb+jZNHoYkHLhzOuZd77/FiKTQ6zreVW1vf2NzKbxd2dvf2D+zDo6aOEsWhwSMZqbbHNEgRQgMFSmjHCljgSWh545up37oHpUUU1jGNoRewYSh8wRkaqW+flroDoWPJUo2pBIr9LsIDZpHva8BLMSn17aJTdmagq8RdkCJZoNa3v7qDiCcBhMgl07rjOjH2MqZQcAmTQjfREDM+ZkPoGBqyAHQvm70yoedGGVA/UqZCpDP190TGAq3TwDOdAcORXvam4n9eJ0H/upeJME4QQj5f5CeSYkSnudCBUMBRpoYwroS5lfIRU4yjSa9gQnCXX14lzUrZdcruXaVYrS/iyJMTckYuiEuuSJXckhppEE4eyTN5JW/Wk/VivVsf89actZg5Jn9gff4AwRqa+A==</latexit>
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Mean of t_smeared (South Box)

1. For each channel, fit the final time distribution to extract
hTimePmtHit_FinalSmeared_South_PMT38_Pixel28_PixelX123_PixelY28

Entries  605
Mean    22.08
Std Dev     1.081
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hTimePmtHit_FinalSmeared_South_PMT38_Pixel28_PixelX123_PixelY28

Entries  605
Mean    22.08
Std Dev     1.081

hTimePmtHit_FinalSmeared_South_PMT38_Pixel28

2. Use the following to get the extracted offset for that channel

t
o↵set,i,extracted

= t
fitted

� t
path

� t
feedthrough delay

<latexit sha1_base64="40FPdo2sTwZHpGaxNYNLm0a7pzw="></latexit><latexit sha1_base64="40FPdo2sTwZHpGaxNYNLm0a7pzw="></latexit><latexit sha1_base64="40FPdo2sTwZHpGaxNYNLm0a7pzw="></latexit><latexit sha1_base64="40FPdo2sTwZHpGaxNYNLm0a7pzw="></latexit>

tfitted
<latexit sha1_base64="6JKaiYhek6z60QRgUg38j+wV2lg=">AAACCHicbVC5TsNAEF1zhnAZKClYkSBRRXYaKCNoKINEDimJovV6nKyyPrQ7RlhWShp+hYYChGj5BDr+hs1RQMKTRnp6b0Yz87xECo2O822trK6tb2wWtorbO7t7+/bBYVPHqeLQ4LGMVdtjGqSIoIECJbQTBSz0JLS80fXEb92D0iKO7jBLoBeyQSQCwRkaqW+flLu+0IlkmcZMAsV+F+EB80Aggj8u9+2SU3GmoMvEnZMSmaPet7+6fszTECLkkmndcZ0EezlTKLiEcbGbakgYH7EBdAyNWAi6l08fGdMzo/g0iJWpCOlU/T2Rs1DrLPRMZ8hwqBe9ifif10kxuOzlIkpShIjPFgWppBjTSSrUFwo4yswQxpUwt1I+ZIpxNNkVTQju4svLpFmtuE7Fva2WalfzOArkmJySc+KSC1IjN6ROGoSTR/JMXsmb9WS9WO/Wx6x1xZrPHJE/sD5/AGvemjY=</latexit><latexit sha1_base64="6JKaiYhek6z60QRgUg38j+wV2lg=">AAACCHicbVC5TsNAEF1zhnAZKClYkSBRRXYaKCNoKINEDimJovV6nKyyPrQ7RlhWShp+hYYChGj5BDr+hs1RQMKTRnp6b0Yz87xECo2O822trK6tb2wWtorbO7t7+/bBYVPHqeLQ4LGMVdtjGqSIoIECJbQTBSz0JLS80fXEb92D0iKO7jBLoBeyQSQCwRkaqW+flLu+0IlkmcZMAsV+F+EB80Aggj8u9+2SU3GmoMvEnZMSmaPet7+6fszTECLkkmndcZ0EezlTKLiEcbGbakgYH7EBdAyNWAi6l08fGdMzo/g0iJWpCOlU/T2Rs1DrLPRMZ8hwqBe9ifif10kxuOzlIkpShIjPFgWppBjTSSrUFwo4yswQxpUwt1I+ZIpxNNkVTQju4svLpFmtuE7Fva2WalfzOArkmJySc+KSC1IjN6ROGoSTR/JMXsmb9WS9WO/Wx6x1xZrPHJE/sD5/AGvemjY=</latexit><latexit sha1_base64="6JKaiYhek6z60QRgUg38j+wV2lg=">AAACCHicbVC5TsNAEF1zhnAZKClYkSBRRXYaKCNoKINEDimJovV6nKyyPrQ7RlhWShp+hYYChGj5BDr+hs1RQMKTRnp6b0Yz87xECo2O822trK6tb2wWtorbO7t7+/bBYVPHqeLQ4LGMVdtjGqSIoIECJbQTBSz0JLS80fXEb92D0iKO7jBLoBeyQSQCwRkaqW+flLu+0IlkmcZMAsV+F+EB80Aggj8u9+2SU3GmoMvEnZMSmaPet7+6fszTECLkkmndcZ0EezlTKLiEcbGbakgYH7EBdAyNWAi6l08fGdMzo/g0iJWpCOlU/T2Rs1DrLPRMZ8hwqBe9ifif10kxuOzlIkpShIjPFgWppBjTSSrUFwo4yswQxpUwt1I+ZIpxNNkVTQju4svLpFmtuE7Fva2WalfzOArkmJySc+KSC1IjN6ROGoSTR/JMXsmb9WS9WO/Wx6x1xZrPHJE/sD5/AGvemjY=</latexit><latexit sha1_base64="6JKaiYhek6z60QRgUg38j+wV2lg=">AAACCHicbVC5TsNAEF1zhnAZKClYkSBRRXYaKCNoKINEDimJovV6nKyyPrQ7RlhWShp+hYYChGj5BDr+hs1RQMKTRnp6b0Yz87xECo2O822trK6tb2wWtorbO7t7+/bBYVPHqeLQ4LGMVdtjGqSIoIECJbQTBSz0JLS80fXEb92D0iKO7jBLoBeyQSQCwRkaqW+flLu+0IlkmcZMAsV+F+EB80Aggj8u9+2SU3GmoMvEnZMSmaPet7+6fszTECLkkmndcZ0EezlTKLiEcbGbakgYH7EBdAyNWAi6l08fGdMzo/g0iJWpCOlU/T2Rs1DrLPRMZ8hwqBe9ifif10kxuOzlIkpShIjPFgWppBjTSSrUFwo4yswQxpUwt1I+ZIpxNNkVTQju4svLpFmtuE7Fva2WalfzOArkmJySc+KSC1IjN6ROGoSTR/JMXsmb9WS9WO/Wx6x1xZrPHJE/sD5/AGvemjY=</latexit>

where tpath
<latexit sha1_base64="DcymeyoMb6lGHjW/N8MF6XmWa8Q=">AAACB3icZVC7SgNBFJ2Nrxhfq5aCDCaCVdhNo2XAxjJCXpCEMDu5SYbMPpi5Ky5LOht/xcZCEVt/wc6/cbLZQpMDA4dz7mXOPV4khUbH+bEKG5tb2zvF3dLe/sHhkX180tZhrDi0eChD1fWYBikCaKFACd1IAfM9CR1vdrvwOw+gtAiDJiYRDHw2CcRYcIZGGtrnlf5I6EiyRGMigeKwj/CIacRwOqeVoV12qk4Guk7cnJRJjsbQ/u6PQh77ECCXTOue60Q4SJlCwSXMS/1YQ8T4jE2gZ2jAfNCDNLtjTi+NMqLjUJkXIM3Uvxsp87VOfM9M+iafXvX8LPS614txfDNIRRDFCAFffjSOJcWQLkqhI6GAo0wMYVwJk5XyKVOMo6muZEpwV09eJ+1a1XWq7n2tXG/mdRTJGbkgV8Ql16RO7kiDtAgnT+SFvJF369l6tT6sz+Vowcp3Tsk/WF+/MFmZiw==</latexit><latexit sha1_base64="DcymeyoMb6lGHjW/N8MF6XmWa8Q=">AAACB3icZVC7SgNBFJ2Nrxhfq5aCDCaCVdhNo2XAxjJCXpCEMDu5SYbMPpi5Ky5LOht/xcZCEVt/wc6/cbLZQpMDA4dz7mXOPV4khUbH+bEKG5tb2zvF3dLe/sHhkX180tZhrDi0eChD1fWYBikCaKFACd1IAfM9CR1vdrvwOw+gtAiDJiYRDHw2CcRYcIZGGtrnlf5I6EiyRGMigeKwj/CIacRwOqeVoV12qk4Guk7cnJRJjsbQ/u6PQh77ECCXTOue60Q4SJlCwSXMS/1YQ8T4jE2gZ2jAfNCDNLtjTi+NMqLjUJkXIM3Uvxsp87VOfM9M+iafXvX8LPS614txfDNIRRDFCAFffjSOJcWQLkqhI6GAo0wMYVwJk5XyKVOMo6muZEpwV09eJ+1a1XWq7n2tXG/mdRTJGbkgV8Ql16RO7kiDtAgnT+SFvJF369l6tT6sz+Vowcp3Tsk/WF+/MFmZiw==</latexit><latexit sha1_base64="DcymeyoMb6lGHjW/N8MF6XmWa8Q=">AAACB3icZVC7SgNBFJ2Nrxhfq5aCDCaCVdhNo2XAxjJCXpCEMDu5SYbMPpi5Ky5LOht/xcZCEVt/wc6/cbLZQpMDA4dz7mXOPV4khUbH+bEKG5tb2zvF3dLe/sHhkX180tZhrDi0eChD1fWYBikCaKFACd1IAfM9CR1vdrvwOw+gtAiDJiYRDHw2CcRYcIZGGtrnlf5I6EiyRGMigeKwj/CIacRwOqeVoV12qk4Guk7cnJRJjsbQ/u6PQh77ECCXTOue60Q4SJlCwSXMS/1YQ8T4jE2gZ2jAfNCDNLtjTi+NMqLjUJkXIM3Uvxsp87VOfM9M+iafXvX8LPS614txfDNIRRDFCAFffjSOJcWQLkqhI6GAo0wMYVwJk5XyKVOMo6muZEpwV09eJ+1a1XWq7n2tXG/mdRTJGbkgV8Ql16RO7kiDtAgnT+SFvJF369l6tT6sz+Vowcp3Tsk/WF+/MFmZiw==</latexit><latexit sha1_base64="DcymeyoMb6lGHjW/N8MF6XmWa8Q=">AAACB3icZVC7SgNBFJ2Nrxhfq5aCDCaCVdhNo2XAxjJCXpCEMDu5SYbMPpi5Ky5LOht/xcZCEVt/wc6/cbLZQpMDA4dz7mXOPV4khUbH+bEKG5tb2zvF3dLe/sHhkX180tZhrDi0eChD1fWYBikCaKFACd1IAfM9CR1vdrvwOw+gtAiDJiYRDHw2CcRYcIZGGtrnlf5I6EiyRGMigeKwj/CIacRwOqeVoV12qk4Guk7cnJRJjsbQ/u6PQh77ECCXTOue60Q4SJlCwSXMS/1YQ8T4jE2gZ2jAfNCDNLtjTi+NMqLjUJkXIM3Uvxsp87VOfM9M+iafXvX8LPS614txfDNIRRDFCAFffjSOJcWQLkqhI6GAo0wMYVwJk5XyKVOMo6muZEpwV09eJ+1a1XWq7n2tXG/mdRTJGbkgV8Ql16RO7kiDtAgnT+SFvJF369l6tT6sz+Vowcp3Tsk/WF+/MFmZiw==</latexit>

and t
feedthrough delay

<latexit sha1_base64="4Csa4Vl1U1ZWVjQME0sehGuEZ54=">AAACE3icbVC7SgNBFJ31GeNr1dJmMBHEIuym0TJgYxkhL0hCmJ29mwyZfTBzV1yW/IONv2JjoYitjZ1/4+RRaOKBC4dz7uXee7xECo2O822trW9sbm0Xdoq7e/sHh/bRcUvHqeLQ5LGMVcdjGqSIoIkCJXQSBSz0JLS98c3Ub9+D0iKOGpgl0A/ZMBKB4AyNNLAvyz1f6ESyTGMmgeKgh/CAeQDg40jF6XBEfTD2pDywS07FmYGuEndBSmSB+sD+6vkxT0OIkEumddd1EuznTKHgEibFXqohYXzMhtA1NGIh6H4++2lCz43i0yBWpiKkM/X3RM5CrbPQM50hw5Fe9qbif143xeC6n4soSREiPl8UpJJiTKcBUV8o4CgzQxhXwtxK+YgpxtHEWDQhuMsvr5JWteI6FfeuWqo1FnEUyCk5IxfEJVekRm5JnTQJJ4/kmbySN+vJerHerY9565q1mDkhf2B9/gAhOp76</latexit><latexit sha1_base64="4Csa4Vl1U1ZWVjQME0sehGuEZ54=">AAACE3icbVC7SgNBFJ31GeNr1dJmMBHEIuym0TJgYxkhL0hCmJ29mwyZfTBzV1yW/IONv2JjoYitjZ1/4+RRaOKBC4dz7uXee7xECo2O822trW9sbm0Xdoq7e/sHh/bRcUvHqeLQ5LGMVcdjGqSIoIkCJXQSBSz0JLS98c3Ub9+D0iKOGpgl0A/ZMBKB4AyNNLAvyz1f6ESyTGMmgeKgh/CAeQDg40jF6XBEfTD2pDywS07FmYGuEndBSmSB+sD+6vkxT0OIkEumddd1EuznTKHgEibFXqohYXzMhtA1NGIh6H4++2lCz43i0yBWpiKkM/X3RM5CrbPQM50hw5Fe9qbif143xeC6n4soSREiPl8UpJJiTKcBUV8o4CgzQxhXwtxK+YgpxtHEWDQhuMsvr5JWteI6FfeuWqo1FnEUyCk5IxfEJVekRm5JnTQJJ4/kmbySN+vJerHerY9565q1mDkhf2B9/gAhOp76</latexit><latexit sha1_base64="4Csa4Vl1U1ZWVjQME0sehGuEZ54=">AAACE3icbVC7SgNBFJ31GeNr1dJmMBHEIuym0TJgYxkhL0hCmJ29mwyZfTBzV1yW/IONv2JjoYitjZ1/4+RRaOKBC4dz7uXee7xECo2O822trW9sbm0Xdoq7e/sHh/bRcUvHqeLQ5LGMVcdjGqSIoIkCJXQSBSz0JLS98c3Ub9+D0iKOGpgl0A/ZMBKB4AyNNLAvyz1f6ESyTGMmgeKgh/CAeQDg40jF6XBEfTD2pDywS07FmYGuEndBSmSB+sD+6vkxT0OIkEumddd1EuznTKHgEibFXqohYXzMhtA1NGIh6H4++2lCz43i0yBWpiKkM/X3RM5CrbPQM50hw5Fe9qbif143xeC6n4soSREiPl8UpJJiTKcBUV8o4CgzQxhXwtxK+YgpxtHEWDQhuMsvr5JWteI6FfeuWqo1FnEUyCk5IxfEJVekRm5JnTQJJ4/kmbySN+vJerHerY9565q1mDkhf2B9/gAhOp76</latexit><latexit sha1_base64="4Csa4Vl1U1ZWVjQME0sehGuEZ54=">AAACE3icbVC7SgNBFJ31GeNr1dJmMBHEIuym0TJgYxkhL0hCmJ29mwyZfTBzV1yW/IONv2JjoYitjZ1/4+RRaOKBC4dz7uXee7xECo2O822trW9sbm0Xdoq7e/sHh/bRcUvHqeLQ5LGMVcdjGqSIoIkCJXQSBSz0JLS98c3Ub9+D0iKOGpgl0A/ZMBKB4AyNNLAvyz1f6ESyTGMmgeKgh/CAeQDg40jF6XBEfTD2pDywS07FmYGuEndBSmSB+sD+6vkxT0OIkEumddd1EuznTKHgEibFXqohYXzMhtA1NGIh6H4++2lCz43i0yBWpiKkM/X3RM5CrbPQM50hw5Fe9qbif143xeC6n4soSREiPl8UpJJiTKcBUV8o4CgzQxhXwtxK+YgpxtHEWDQhuMsvr5JWteI6FfeuWqo1FnEUyCk5IxfEJVekRm5JnTQJJ4/kmbySN+vJerHerY9565q1mDkhf2B9/gAhOp76</latexit>

are the corresponding
values for that channel

3. Compare with the injected offset for that channel
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=> able to recover injected offsets within ~0.2 ns  
for almost all channels

σ~0.047

Results (I)
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Results (I)

Much better than random guess…
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 ~ Uniform(-1,1)1,2 with X2 - X1X  ~ Uniform(-1,1)1,2 with X2 - X1X



Results (II): change range of offsets
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PMT resolution: 1ns
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offset: random number from [-2,2] 
PMT resolution: 1ns

=> no difference in performance



Results (III): change timing resolution

timing resolution: 1 ns

offset: random number from [-1,1]
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timing resolution: 0.5 ns
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timing resolution: 2 ns

σ~0.094

=> gets worse as timing resolution gets bad, as expected



Application to LED data
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✓

✓Create a map from simulation

How well do we know them? If well enough, 
If not, one can plot  

and estimate from it?
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