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Presentation overview

1. ALPHA-g experimental goals.

2. Cosmic ray background in ALPHA-g.

3. Time-of-Flight background rejection with the ALPHA-g Barrel Veto 
detector.


4. Preliminary time-of-flight data for cosmic rays and 
   antiproton annihilations.
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ALHPA-g Experimental Goals

• ALPHA-g will be the first direct 
precision test of the gravitational 
interactions of antimatter.


• Trapped antihydrogen atoms are 
allowed to fall in Earth’s 
gravitational field and annihilate.


• Strength of g is determined by 
studying annihilation positions.
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Particle detection and backgrounds

• Annihilation products are tracked using a 
time projection chamber (TPC).


• Particles are released over ~100s 
→ ~105 cosmic rays detected


• Cosmic ray background dwarfs signals 
from ~1000 potential antihydrogen atoms.


• Need an efficient background rejection 
method…
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“Barrel Veto” detector

• A secondary detector enclosing the TPC.

• 64 bars of EJ-200 plastic scintillator, 

trapezoidal shape allows seamless fit like 
slats of a barrel.


• Light collected at both ends by arrays of 
silicon photomultipliers.


• Time over threshold recorded by TDC, full 
waveforms sampled by ADC.

Barrel Veto

TPC

H Trap
_
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Time-of-flight background rejection

t1

t2
t3

Case 1: Cosmic ray Case 2: H annihilation
_

t1 << t2 t1 ~ t2 ~ t3

t1

t2

6



Time-of-flight data expectation
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Time-of-flight data expectation
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Time-of-flight of cosmic rays
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Time-of-flight of antiprotons
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Background discrimination
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Time-of-flight minus distance• The Barrel Veto is able to see 
differences in data.


• Time-of-flight minus distance is 
a basic indicator of  
“cosmic-ness”.


• Aim to use machine learning to 
combine time-of-flight with 
other features, including TPC 
data.


• Room for improvement in time-
of-flight calibration!
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Thanks for listening!

And thanks to the ALPHA collaboration, the ALPHA-Canada and 
TRIUMF teams, and to my supervisor Makoto Fujiwara.
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Calculating time-of-flight

Bar A

<latexit sha1_base64="SqU4eqS6qf3/qnNB2JIs9nEyUB8=">AAAB8HicbVDLSgNBEJz1GeMr6tHLYBA8hV0R9Rj14jGCeUiyhtnJbDJkHstMrxCWfIUXD4p49XO8+TdOkj1oYkFDUdVNd1eUCG7B97+9peWV1bX1wkZxc2t7Z7e0t9+wOjWU1akW2rQiYpngitWBg2CtxDAiI8Ga0fBm4jefmLFcq3sYJSyUpK94zCkBJz1ANwOdjB+vuqWyX/GnwIskyEkZ5ah1S1+dnqapZAqoINa2Az+BMCMGOBVsXOykliWEDkmftR1VRDIbZtODx/jYKT0ca+NKAZ6qvycyIq0dych1SgIDO+9NxP+8dgrxZZhxlaTAFJ0tilOBQePJ97jHDaMgRo4Qari7FdMBMYSCy6joQgjmX14kjdNKcF7x787K1es8jgI6REfoBAXoAlXRLaqhOqJIomf0it484714797HrHXJy2cO0B94nz8T95CW</latexit>

tAtop

assuming light travels at constant

effective speed c in bar

<latexit sha1_base64="AeTS/k0r94Bp+JdzGPwdKBJxvp8=">AAACBnicbVDLSgNBEJyNrxhfqx5FGAyCIMRdEfUiJHrxGME8IFmX2dlJMmT2wUyvEJacvPgrXjwo4tVv8ObfOElW0MSChqKqm+4uLxZcgWV9Gbm5+YXFpfxyYWV1bX3D3NyqqyiRlNVoJCLZ9IhigoesBhwEa8aSkcATrOH1r0Z+455JxaPwFgYxcwLSDXmHUwJacs1duKu4KUTxEF9gcCv4EPs/yhF1zaJVssbAs8TOSBFlqLrmZ9uPaBKwEKggSrVsKwYnJRI4FWxYaCeKxYT2SZe1NA1JwJSTjt8Y4n2t+LgTSV0h4LH6eyIlgVKDwNOdAYGemvZG4n9eK4HOuZPyME6AhXSyqJMIDBEeZYJ9LhkFMdCEUMn1rZj2iCQUdHIFHYI9/fIsqR+X7NOSfXNSLF9mceTRDtpDB8hGZ6iMrlEV1RBFD+gJvaBX49F4Nt6M90lrzshmttEfGB/fYPSXyw==</latexit>

tAtop = tA + dAtop/c

dAtop



Calculating time-of-flight

Bar A

<latexit sha1_base64="SqU4eqS6qf3/qnNB2JIs9nEyUB8=">AAAB8HicbVDLSgNBEJz1GeMr6tHLYBA8hV0R9Rj14jGCeUiyhtnJbDJkHstMrxCWfIUXD4p49XO8+TdOkj1oYkFDUdVNd1eUCG7B97+9peWV1bX1wkZxc2t7Z7e0t9+wOjWU1akW2rQiYpngitWBg2CtxDAiI8Ga0fBm4jefmLFcq3sYJSyUpK94zCkBJz1ANwOdjB+vuqWyX/GnwIskyEkZ5ah1S1+dnqapZAqoINa2Az+BMCMGOBVsXOykliWEDkmftR1VRDIbZtODx/jYKT0ca+NKAZ6qvycyIq0dych1SgIDO+9NxP+8dgrxZZhxlaTAFJ0tilOBQePJ97jHDaMgRo4Qari7FdMBMYSCy6joQgjmX14kjdNKcF7x787K1es8jgI6REfoBAXoAlXRLaqhOqJIomf0it484714797HrHXJy2cO0B94nz8T95CW</latexit>

tAtop
<latexit sha1_base64="usTMI1m9bwiU3ZAHKVesoFzpbcY=">AAAB8HicbVDLSgNBEJz1GeMr6tHLYBA8hV0R9Rj14jGCeUiyhtnJbDJkHstMrxCWfIUXD4p49XO8+TdOkj1oYkFDUdVNd1eUCG7B97+9peWV1bX1wkZxc2t7Z7e0t9+wOjWU1akW2rQiYpngitWBg2CtxDAiI8Ga0fBm4jefmLFcq3sYJSyUpK94zCkBJz1AN4s0jB+vuqWyX/GnwIskyEkZ5ah1S1+dnqapZAqoINa2Az+BMCMGOBVsXOykliWEDkmftR1VRDIbZtODx/jYKT0ca+NKAZ6qvycyIq0dych1SgIDO+9NxP+8dgrxZZhxlaTAFJ0tilOBQePJ97jHDaMgRo4Qari7FdMBMYSCy6joQgjmX14kjdNKcF4J7s7K1es8jgI6REfoBAXoAlXRLaqhOqJIomf0it484714797HrHXJy2cO0B94nz/+tJCJ</latexit>

tAbot

<latexit sha1_base64="2LWZvQQP+Rnk5AzCyIGYsYUzhnU="></latexit>

tAtop + tAbot =
�
tA + dAtop/c

�
+

�
tA + dAbot/c

�

<latexit sha1_base64="BmIfrCk9yG+4NyYYZyh5C9PFnkQ=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BIsgCHW3iHoRql48eKhgP2C7lGyatqHZZElmhbL0Z3jxoIhXf403/41puwdtfTDweG+GmXlhLLgB1/12ckvLK6tr+fXCxubW9k5xd69hVKIpq1MllG6FxDDBJasDB8FasWYkCgVrhsPbid98YtpwJR9hFLMgIn3Je5wSsJJ/VYHONT7B96e0Uyy5ZXcKvEi8jJRQhlqn+NXuKppETAIVxBjfc2MIUqKBU8HGhXZiWEzokPSZb6kkETNBOj15jI+s0sU9pW1JwFP190RKImNGUWg7IwIDM+9NxP88P4HeZZByGSfAJJ0t6iUCg8KT/3GXa0ZBjCwhVHN7K6YDogkFm1LBhuDNv7xIGpWyd172Hs5K1Zssjjw6QIfoGHnoAlXRHaqhOqJIoWf0it4ccF6cd+dj1ppzspl99AfO5w/vZI+6</latexit>

= 2tA + L/c
<latexit sha1_base64="RDMmizA0Nik1taL/Aeq0vt4ChVw="></latexit>

tAmean =
tAtop + tAbot

2
= tA +

L

2c

L



Calculating time-of-flight

Bar A

Bar B

<latexit sha1_base64="SqU4eqS6qf3/qnNB2JIs9nEyUB8=">AAAB8HicbVDLSgNBEJz1GeMr6tHLYBA8hV0R9Rj14jGCeUiyhtnJbDJkHstMrxCWfIUXD4p49XO8+TdOkj1oYkFDUdVNd1eUCG7B97+9peWV1bX1wkZxc2t7Z7e0t9+wOjWU1akW2rQiYpngitWBg2CtxDAiI8Ga0fBm4jefmLFcq3sYJSyUpK94zCkBJz1ANwOdjB+vuqWyX/GnwIskyEkZ5ah1S1+dnqapZAqoINa2Az+BMCMGOBVsXOykliWEDkmftR1VRDIbZtODx/jYKT0ca+NKAZ6qvycyIq0dych1SgIDO+9NxP+8dgrxZZhxlaTAFJ0tilOBQePJ97jHDaMgRo4Qari7FdMBMYSCy6joQgjmX14kjdNKcF7x787K1es8jgI6REfoBAXoAlXRLaqhOqJIomf0it484714797HrHXJy2cO0B94nz8T95CW</latexit>

tAtop
<latexit sha1_base64="usTMI1m9bwiU3ZAHKVesoFzpbcY=">AAAB8HicbVDLSgNBEJz1GeMr6tHLYBA8hV0R9Rj14jGCeUiyhtnJbDJkHstMrxCWfIUXD4p49XO8+TdOkj1oYkFDUdVNd1eUCG7B97+9peWV1bX1wkZxc2t7Z7e0t9+wOjWU1akW2rQiYpngitWBg2CtxDAiI8Ga0fBm4jefmLFcq3sYJSyUpK94zCkBJz1AN4s0jB+vuqWyX/GnwIskyEkZ5ah1S1+dnqapZAqoINa2Az+BMCMGOBVsXOykliWEDkmftR1VRDIbZtODx/jYKT0ca+NKAZ6qvycyIq0dych1SgIDO+9NxP+8dgrxZZhxlaTAFJ0tilOBQePJ97jHDaMgRo4Qari7FdMBMYSCy6joQgjmX14kjdNKcF4J7s7K1es8jgI6REfoBAXoAlXRLaqhOqJIomf0it484714797HrHXJy2cO0B94nz/+tJCJ</latexit>

tAbot

<latexit sha1_base64="9+H5gwiGWj21bm7no8axZSvnAzc=">AAAB8HicbVDLSgNBEJz1GeMr6tHLYBA8hV0R9RjixWME85BkDbOT2WTIPJaZXiEs+QovHhTx6ud482+cJHvQxIKGoqqb7q4oEdyC7397K6tr6xubha3i9s7u3n7p4LBpdWooa1AttGlHxDLBFWsAB8HaiWFERoK1otHN1G89MWO5VvcwTlgoyUDxmFMCTnqAXhZpmDzWeqWyX/FnwMskyEkZ5aj3Sl/dvqapZAqoINZ2Aj+BMCMGOBVsUuymliWEjsiAdRxVRDIbZrODJ/jUKX0ca+NKAZ6pvycyIq0dy8h1SgJDu+hNxf+8TgrxdZhxlaTAFJ0vilOBQePp97jPDaMgxo4Qari7FdMhMYSCy6joQggWX14mzfNKcFkJ7i7K1VoeRwEdoxN0hgJ0haroFtVRA1Ek0TN6RW+e8V68d+9j3rri5TNH6A+8zx8AR5CK</latexit>

tBbot
<latexit sha1_base64="DZF4lWZd2GPIUtJFr31NPGOjogU=">AAAB8HicbVDLSgNBEJz1GeMr6tHLYBA8hV0R9RjixWME85BkDbOT2WTIPJaZXiEs+QovHhTx6ud482+cJHvQxIKGoqqb7q4oEdyC7397K6tr6xubha3i9s7u3n7p4LBpdWooa1AttGlHxDLBFWsAB8HaiWFERoK1otHN1G89MWO5VvcwTlgoyUDxmFMCTnqAXgY6mTzWeqWyX/FnwMskyEkZ5aj3Sl/dvqapZAqoINZ2Aj+BMCMGOBVsUuymliWEjsiAdRxVRDIbZrODJ/jUKX0ca+NKAZ6pvycyIq0dy8h1SgJDu+hNxf+8TgrxdZhxlaTAFJ0vilOBQePp97jPDaMgxo4Qari7FdMhMYSCy6joQggWX14mzfNKcFkJ7i7K1VoeRwEdoxN0hgJ0haroFtVRA1Ek0TN6RW+e8V68d+9j3rri5TNH6A+8zx8VzZCY</latexit>

tBtop

<latexit sha1_base64="McwcYsXOLuQVreXhP5YTkV+BFKQ="></latexit>

tBmean � tAmean =

✓
tB +

L

2c

◆
�

✓
tA +

L

2c

◆

<latexit sha1_base64="IYKBcQu0r5VAJ5dSVsgqwexnG0E=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4scyIqBuh1o3LCvYB06Fk0kwbmkmG5I5Qhn6GGxeKuPVr3Pk3pu0stPVAwuGce7n3njAR3IDrfjuFldW19Y3iZmlre2d3r7x/0DIq1ZQ1qRJKd0JimOCSNYGDYJ1EMxKHgrXD0d3Ubz8xbbiSjzBOWBCTgeQRpwSs5N9g6NXxmf1ve+WKW3VnwMvEy0kF5Wj0yl/dvqJpzCRQQYzxPTeBICMaOBVsUuqmhiWEjsiA+ZZKEjMTZLOVJ/jEKn0cKW2fBDxTf3dkJDZmHIe2MiYwNIveVPzP81OIroOMyyQFJul8UJQKDApP78d9rhkFMbaEUM3trpgOiSYUbEolG4K3ePIyaZ1Xvcuq93BRqdXzOIroCB2jU+ShK1RD96iBmogihZ7RK3pzwHlx3p2PeWnByXsO0R84nz8qe4/h</latexit>

= tB � tA
<latexit sha1_base64="lomg4tQ4Jl0o4ECsfrK/xiJsF2s=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoPgKeyKqBchKIg3I+QF2SXMTmaTIbMPZnrFsOQ3vHhQxKs/482/cZLsQaMFDUVVN91dfiKFRtv+sgpLyyura8X10sbm1vZOeXevpeNUMd5ksYxVx6eaSxHxJgqUvJMoTkNf8rY/up767QeutIijBo4T7oV0EIlAMIpGci+Ji/wRs8bdzaRXrthVewbylzg5qUCOeq/86fZjloY8Qiap1l3HTtDLqELBJJ+U3FTzhLIRHfCuoRENufay2c0TcmSUPgliZSpCMlN/TmQ01Hoc+qYzpDjUi95U/M/rphhceJmIkhR5xOaLglQSjMk0ANIXijOUY0MoU8LcStiQKsrQxFQyITiLL/8lrZOqc1Z17k8rtas8jiIcwCEcgwPnUINbqEMTGCTwBC/waqXWs/Vmvc9bC1Y+sw+/YH18A39dkVc=</latexit>

= TOF
assuming both bars are the

same length, and light travels

the same effective speed in both



Calculating Z position in bar

Bar A

<latexit sha1_base64="SqU4eqS6qf3/qnNB2JIs9nEyUB8=">AAAB8HicbVDLSgNBEJz1GeMr6tHLYBA8hV0R9Rj14jGCeUiyhtnJbDJkHstMrxCWfIUXD4p49XO8+TdOkj1oYkFDUdVNd1eUCG7B97+9peWV1bX1wkZxc2t7Z7e0t9+wOjWU1akW2rQiYpngitWBg2CtxDAiI8Ga0fBm4jefmLFcq3sYJSyUpK94zCkBJz1ANwOdjB+vuqWyX/GnwIskyEkZ5ah1S1+dnqapZAqoINa2Az+BMCMGOBVsXOykliWEDkmftR1VRDIbZtODx/jYKT0ca+NKAZ6qvycyIq0dych1SgIDO+9NxP+8dgrxZZhxlaTAFJ0tilOBQePJ97jHDaMgRo4Qari7FdMBMYSCy6joQgjmX14kjdNKcF7x787K1es8jgI6REfoBAXoAlXRLaqhOqJIomf0it484714797HrHXJy2cO0B94nz8T95CW</latexit>

tAtop
<latexit sha1_base64="usTMI1m9bwiU3ZAHKVesoFzpbcY=">AAAB8HicbVDLSgNBEJz1GeMr6tHLYBA8hV0R9Rj14jGCeUiyhtnJbDJkHstMrxCWfIUXD4p49XO8+TdOkj1oYkFDUdVNd1eUCG7B97+9peWV1bX1wkZxc2t7Z7e0t9+wOjWU1akW2rQiYpngitWBg2CtxDAiI8Ga0fBm4jefmLFcq3sYJSyUpK94zCkBJz1AN4s0jB+vuqWyX/GnwIskyEkZ5ah1S1+dnqapZAqoINa2Az+BMCMGOBVsXOykliWEDkmftR1VRDIbZtODx/jYKT0ca+NKAZ6qvycyIq0dych1SgIDO+9NxP+8dgrxZZhxlaTAFJ0tilOBQePJ97jHDaMgRo4Qari7FdMBMYSCy6joQgjmX14kjdNKcF4J7s7K1es8jgI6REfoBAXoAlXRLaqhOqJIomf0it484714797HrHXJy2cO0B94nz/+tJCJ</latexit>

tAbot

<latexit sha1_base64="AeTS/k0r94Bp+JdzGPwdKBJxvp8=">AAACBnicbVDLSgNBEJyNrxhfqx5FGAyCIMRdEfUiJHrxGME8IFmX2dlJMmT2wUyvEJacvPgrXjwo4tVv8ObfOElW0MSChqKqm+4uLxZcgWV9Gbm5+YXFpfxyYWV1bX3D3NyqqyiRlNVoJCLZ9IhigoesBhwEa8aSkcATrOH1r0Z+455JxaPwFgYxcwLSDXmHUwJacs1duKu4KUTxEF9gcCv4EPs/yhF1zaJVssbAs8TOSBFlqLrmZ9uPaBKwEKggSrVsKwYnJRI4FWxYaCeKxYT2SZe1NA1JwJSTjt8Y4n2t+LgTSV0h4LH6eyIlgVKDwNOdAYGemvZG4n9eK4HOuZPyME6AhXSyqJMIDBEeZYJ9LhkFMdCEUMn1rZj2iCQUdHIFHYI9/fIsqR+X7NOSfXNSLF9mceTRDtpDB8hGZ6iMrlEV1RBFD+gJvaBX49F4Nt6M90lrzshmttEfGB/fYPSXyw==</latexit>

tAtop = tA + dAtop/cfor one end:

Z position is proportional to time difference between ends:
<latexit sha1_base64="yIxghnuFvDGSlv+/EeX5ssQaSsY="></latexit>

tAtop � tAbot =
�
tA + dAtop/c

�
�

�
tA + dAbot/c

�

<latexit sha1_base64="PP75BjtXd3omLRc9HyeFGhDUHUs=">AAACCHicbZDLSsNAFIYnXmu9RV26cLAIbiyJiLoRqm5cVrAXaGOZTCft0EkmzJwIJWTpxldx40IRtz6CO9/GaZuFtv4w8PGfczhzfj8WXIPjfFtz8wuLS8uFleLq2vrGpr21XdcyUZTVqBRSNX2imeARqwEHwZqxYiT0BWv4g+tRvfHAlOYyuoNhzLyQ9CIecErAWB177wK3A0Vo2r2/7KQg4+xoTL6ELEtp1rFLTtkZC8+Cm0MJ5ap27K92V9IkZBFQQbRuuU4MXkoUcCpYVmwnmsWEDkiPtQxGJGTaS8eHZPjAOF0cSGVeBHjs/p5ISaj1MPRNZ0igr6drI/O/WiuB4NxLeRQnwCI6WRQkAoPEo1RwlytGQQwNEKq4+SumfWJyAZNd0YTgTp88C/Xjsntadm9PSpWrPI4C2kX76BC56AxV0A2qohqi6BE9o1f0Zj1ZL9a79TFpnbPymR30R9bnDxClmgg=</latexit>

=
dAtop � dAbot

c

<latexit sha1_base64="ptOe/izGOhtpsLxaMhRfIdsokAQ=">AAAB9XicbVBNSwMxEJ34WetX1aOXYBE8ld0i6kUoevFYwX5Au5Zsmm1Ds9klySp12f/hxYMiXv0v3vw3pu0etPXBwOO9GWbm+bHg2jjON1paXlldWy9sFDe3tnd2S3v7TR0lirIGjUSk2j7RTHDJGoYbwdqxYiT0BWv5o+uJ33pgSvNI3plxzLyQDCQPOCXGSveXuBsoQtPqU5bSrFcqOxVnCrxI3JyUIUe9V/rq9iOahEwaKojWHdeJjZcSZTgVLCt2E81iQkdkwDqWShIy7aXTqzN8bJU+DiJlSxo8VX9PpCTUehz6tjMkZqjnvYn4n9dJTHDhpVzGiWGSzhYFicAmwpMIcJ8rRo0YW0Ko4vZWTIfExmBsUEUbgjv/8iJpVivuWcW9PS3XrvI4CnAIR3ACLpxDDW6gDg2goOAZXuENPaIX9I4+Zq1LKJ85gD9Anz9FQ5Jg</latexit>

=
2z

c

z = 0


