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Abstract: Ionization electron diffusion in Liquid Argon Time Projection Chambers (LArTPCs)
has typically been considered at the detector design stage, but little attention has been given to
its effects on calibration and particle identification. We use a GEANT4-based simulation to study
how diffusion impacts these techniques, and give consideration to how this effect is simulated.
We find that diffusion can cause a drift-dependent bias to both the median and Most Probable
Value (MPV) of d /d distributions. The bias is estimated to be 2 5% (median) and 5 0%
(MPV) for typical maximum drift times in currently running LArTPCs before adding detector
specific considerations such as electric field non-uniformities. This indicates that these metrics
should not be used for calibration without care, contrary to the conventional wisdom. The impact
of diffusion on the ability of LArTPCs to separate muons and protons is small, and not expected
to pose any problems in future detectors. Diffusion may however be a significant source of
systematic uncertainty when separating particles of more similar masses (muons and pions, kaons
and protons). Separation of such populations may be improved by implementation of a drift-time
dependent particle identification.

Keywords: Noble liquid detectors, Time projection chambers, Charge transport and multiplication
in liquid media
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1 Motivation

Clouds of free electrons in a medium will spread out isotropically over time due to diffusion. In a
Liquid Argon Time Projection Chamber (LArTPC) ionization electrons drift under the influence of
an electric field ( -field), meaning that diffusion becomes non-isotropic. It is often parametrized
in terms of components longitudinal ( ) and transverse ( ) to the -field. Measurements of
diffusion at the -fields relevant for LArTPCs, where the parameters should be relatively constant
as a function of -field, have resulted in 5 1 5 cm2 s [1–4], but no measurements have
been made of the transverse component at these -fields. Instead, the value of used in current
simulations is inferred from measured values of , however there is tension in the currently
measured values of [1].

Typically diffusion has been considered during detector design where the signal-to-noise ratio
is estimated using diffusion combined with the wire spacing, -field, argon purity, and noise level.
So far as we are aware, there are no published investigations into the effects of diffusion on energy
reconstruction, calibration, and particle identification (PID). In particular, the transverse component
of diffusion, which can lead electrons to be spread across multiple readout channels, may lead to
an averaging effect with the potential to modify the shape of the observed energy deposition per
unit length (d /d ). Because the d /d changes rapidly close to the Bragg Peak, it might be
expected that such an effect may distort the shape of the d /d distribution in this region more
than elsewhere, impacting the particle identification capabilities of LArTPCs. Further, because
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di ff usi o n s pr e a ds el e ctr o n cl o u ds i n a st o c h asti c w a y i n t hr e e di m e nsi o ns, wit h a m a g nit u d e t h at is

drift-ti m e d e p e n d e nt, it c a n n ot b e e ff e cti v el y c ali br at e d i n t h e s a m e w a y t h at e ff e cts s u c h as el e ctr o n

att e n u ati o n a n d r e c o m bi n ati o n c a n b e c ali br at e d. S o m e pr o p os e d f ut ur e d et e ct or d esi g ns h a v e l ar g e

drift dist a n c es, u p t o 6. 5 m [ 5 ]. F or l o n g drift-ti m e d et e ct ors, q u a ntif yi n g h o w di ff usi o n d e gr a d es

t h e d et e ct or p erf or m a n c e n e ar t h e c at h o d e is of ut m ost i m p ort a n c e. F urt h er, it is i m p ort a nt t h at w e

c o nsi d er w h et h er t h e i m p a ct of di ff usi o n o n e n er g y c ali br ati o ns m ust b e a c c o u nt e d f or t o m e et t h e

stri ct e n er g y s c al e u n c ert ai nt y r e q uir e m e nt ( 1- 2 %) f or t h e D e e p U n d er gr o u n d N e utri n o E x p eri m e nt

( D U N E) t o att ai n its p h ysi cs g o als [6 ]. I n t his arti cl e, w e i ntr o d u c e a si m ul ati o n of di ff usi o n i nt o

G E A N T 4 [ 7 ] t o st u d y its e ff e ct.

2 Si m ul ati o n D et ails

T h e si m ul ati o n us e d t hr o u g h o ut t his w or k is b as e d o n G E A N T 4, wit h c ust o m r o uti n es t o a p pl y t h e

l o n git u di n al a n d tr a ns v ers e c o m p o n e nts of di ff usi o n. T h e d et e ct or is si m ul at e d as a si n gl e bl o c k

of li q ui d ar g o n. T h e 𝑥 - dir e cti o n is di giti z e d usi n g t h e si m ul at e d wi dt h of t h e d et e ct or, 𝐸 - fi el d

( 5 0 0 V/ c m), a n d cl o c k fr e q u e n c y ( 2 M H z), a n d t h e 𝑧 - dir e cti o n is t h e n s plit i nt o d et e cti o n r e gi o ns

( “ wir es ”, 3 m m) t o a p pr o xi m at e a c oll e cti o n pl a n e. F or t his st u d y n eit h er i n d u cti o n pl a n es n or

𝐸 - fi el d dist orti o ns ar e c o nsi d er e d. F or all si m ul ati o ns r e p ort e d h er e, w e us e t h e Q G S P _ B E R T

p h ysi cs list. T o e ns ur e m ulti pl e s ets of i o ni z ati o n el e ctr o ns l a n d i n e a c h d et e cti o n r e gi o n, w e li mit

t h e m a xi m u m all o w e d si z e of e a c h st e p G E A N T 4 t a k es t o 0. 3 m m.
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Fi g u r e 1 : E v e nt dis pl a ys of a si m ul at e d 0. 3 G e V pr ot o n b ef or e (l eft) a n d aft er (ri g ht) a p pl yi n g

tr a ns v ers e a n d l o n git u di n al di ff usi o n.

F or e a c h e v e nt, a si n gl e p arti cl e is si m ul at e d i n t h e d et e ct or, d e p ositi n g e n er g y i n e a c h st e p.

We a p pl y r e c o m bi n ati o n vi a t h e m o di fi e d B o x m o d el [ 8 ] usi n g t h e d𝐸 / d𝑥 i n e a c h st e p,

d 𝑄

d 𝑥
=

l n[ 𝛽 d 𝐸
d 𝑥 + 𝛼 ]

𝛽 𝑊 i o n
, ( 2. 1)

w h er e 𝛼 = 0 .9 3 , 𝛽 = 0 .3 c m/ M e V, a n d 𝑊 i o n = 2 3. 6 e V is t h e m e a n i o ni z ati o n e n er g y of li q ui d ar g o n.

T h e c al c ul at e d d 𝑄 / d𝑥 is us e d t o g e n er at e a n u m b er of el e ctr o ns pr o d u c e d at e a c h st e p.

T h e el e ctr o ns i n t h e st e p ar e assi g n e d a drift ti m e, 𝑡𝑑 , b as e d o n t h e tr u e dist a n c e of t h e i o ni z ati o n

el e ctr o ns fr o m 𝑥 = 0 a n d t h e si m ul at e d 𝐸 - fi el d. T h e el e ctr o ns m a y t h e n b e s u b di vi d e d i nt o a n u m b er
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Fi g u r e 2 : Distri b uti o n of el e ctr o ns o n a si n gl e wir e b ef or e a n d aft er a p pl yi n g di ff usi o n. Aft er

a p pl yi n g di ff usi o n t h e si g n al b e c o m es G a ussi a n-li k e as e vi d e n c e d b y t h e G a ussi a n fit, s h o w n f or

c o m p aris o n.

of p a c k ets t o i n cr e as e t h e s p e e d of si m ul ati o n, a n d e a c h el e ctr o n p a c k et is assi g n e d a n e w p ositi o n

b as e d o n its drift ti m e a n d t h e c h os e n v al u es of 𝑥 𝐸 a n d 𝑧 𝐸 . First, t h e m a g nit u d e of t h e s hift d u e

t o t h e di ff er e nt di ff usi o n c o m p o n e nts is c al c ul at e d b y r a n d o ml y s a m pli n g G a ussi a n distri b uti o ns

c e nt er e d at 0 wit h,

𝐸 𝑥 ( 𝑄 𝑥 ) =

𝛽
2 𝐸 𝑥 · 𝛼𝛽

𝑊 2
𝛼

, ( 2. 2)

a n d

𝛽 𝑊 (𝑄 𝑥 ) =
𝑡

2 𝑑 𝑥 · 𝐸𝑑 , ( 2. 3)

w h er e 𝑣 𝑑 is t h e drift v el o cit y [4 ]. Wit h t h e m a g nit u d es 𝑚 𝐿 ∼ 𝐺 (0 , 𝜎𝐿 ) a n d 𝑚 𝑇 ∼ 𝐺 (0 , 𝜎𝑇 ), w e

c h o os e a r a n d o m n u m b er b et w e e n 0 a n d 𝜋 f or t h e n e w p ositi o n i n t h e 𝑦 , 𝑧 dir e cti o n, 𝑑 = R a n d (0 , 𝜋).

N e w p ositi o ns ar e t h e n assi g n e d,

𝑡𝑛 𝑒 𝑤
𝑑 = 𝑡𝑑 + 𝑚 𝐿 , ( 2. 4)

𝑦 𝑛 𝑒 𝑤 = 𝑦 + 𝑚 𝑇 c os 𝑑, a n d ( 2. 5)

𝑧 𝑛 𝑒 𝑤 = 𝑧 + 𝑚 𝑇 si n 𝑑. ( 2. 6)

A cl os ur e t est is p erf or m e d b y e ns uri n g t h at w e ar e a bl e t o e xtr a ct t h e c orr e ct v al u e of 𝐷 𝐿 fr o m

t h e si m ul ati o n. As a d e m o nstr ati o n of t h e si m ul ati o n of di ff usi o n, e x a m pl e e v e nt dis pl a ys b ef or e

a n d aft er di ff usi o n ar e s h o w n i n fi g ur e 1 , a n d a n e x a m pl e of t h e distri b uti o n of el e ctr o ns o n a wir e

b ef or e a n d aft er a p pl yi n g di ff usi o n is s h o w n i n fi g ur e 2 .

3 R e c o nst r u cti o n of d Q / dx a n d d E / dx

T o r e m o v e e ff e cts of p o or r e c o nstr u cti o n fr o m t his st u d y w e d o n ot a p pl y a n y r e c o nstr u cti o n

al g orit h ms, a n d i nst e a d t h e p at h of t h e tr u e i niti al p arti cl e is s a v e d, pr o d u ci n g a tr a c k w hi c h c a n b e
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considered to be perfectly reconstructed. Secondary particles are not saved; this choice removes
any showering particles from consideration, but also has the effect of removing the end of tracks
where GEANT4 considers a new particle to have been produced after a scatter.

The number of electrons collected on a wire is calculated by integrating the number of electron
packets in a time window around the true trajectory, , and multiplying by the packet size, ,
d . The distance between the current energy deposition and the energy deposition on the
preceding wire is calculated using the true trajectory, and used to construct the d /d . The d /d
is then calculated, again using the modified Box model. The distance to the true end point of the
trajectory of the particle is also calculated and stored.

4 Results and Discussion

4.1 Samples Used

We use two samples to estimate the effects of diffusion on calibration and particle identification

• Idealized Sample: Simulated 1 GeV muons and 0.3 GeV protons, along the -axis, that are
only allowed to undergo ionization, with all other interactions turned off. This sample is
used so that we’re able to isolate the effects of diffusion from the other effects which may
complicate analysis such as delta-ray production and high track angles from particle scatters,
each of which can modify the reconstructed d d .

• Physics-on Sample: Simulated 1 GeV muons, 0.3 GeV protons and kaons, and 0.1 GeV
pions, along the -axis, which have all physics in the physics list turned on. This sample is
used for studying particle identification.

The energy of the muons is relatively unimportant given they do not interact hadronically. The
energy of the protons, kaons, and pions were chosen to maximise the length of the track while
ensuring most of the particles do not re-interact. Both of these samples use 6 5 cm2/s and

13 cm2/s and have a wire pitch of 3 mm. This configuration was chosen to be conservative,
such that any lower values of the diffusion constants, or larger wire spacing should result in a smaller
effect than what is presented in this study.

Because there areO(1000)s ionization electrons liberated per mm by charged particles travelling
through liquid argon, simulating diffusion for each electron is time consuming. In some current
simulations of diffusion, electrons are therefore grouped together into packets of configurable size,
and all electrons in a packet are assigned the same new position after diffusion. We have investigated
the effects of packet size on the d /d distribution in figure 3 and find that it can have a significant
impact on the shape of the distribution. We advocate for simulations using this approach to keep
packet sizes to a minimum. Increasing the packet size to be larger than 20 results in changes to
bin contents of order 5% or larger. This effect is caused by relatively rare large values sampled
from the Gaussian distribution being applied to each of the electrons in the packet rather than just a
single electron. For this reason, we use an electron packet size of 1, meaning we individually apply
diffusion to every electron.
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Figure 3: d /d distributions using different packet sizes. The shape becomes increasingly
distorted as the packet size increases. The bottom plot shows the ratio to the distribution using a
packet size of 1, and the inset plot shows the same ratio but limited to the region [0,2].

4.2 Impact of Diffusion on Minimum Charge Efficiency

Using the idealized sample outlined in §4.1, we are able to look at the minimum charge efficiency,
, which describes the fraction of electrons produced at the cathode which land in the

detection region that would be expected without diffusion. We emphasise here that diffusion
only moves ionization electrons around, meaning the total energy deposited is conserved, only
the apparent location of the depositions changes. Figure 4 shows that with the assumption of

= 13 cm2/s the minimum charge efficiency varies wildly between running experiments, with
LArIAT having the highest minimum charge efficiency, greater than 90% in some configurations,
and MicroBooNE having the lowest minimum charge efficiency ( 60%). We also include the
current configuration for the DUNE vertical drift module (6.5 m, -field of 500 V/cm), though this
detector will not use sense wires. Aside from LArIAT, which benefits from its short drift distance,
the maximum expected minimum charge efficiency for any detector is 75%. Clearly, 25% of the
expected charge being deposited on a channel other than the expected one for large drift times is a
strong motivator for this study.
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Fi g u r e 4 : Mi ni m u m c h ar g e e ffi ci e n c y usi n g i d e ali z e d m u o ns i n a si m ul at e d d et e ct or wit h 3 m m

wir e s p a ci n g a n d 5 m m wir e s p a ci n g. Drift ti m es f or e a c h e x p eri m e nt ar e esti m at e d usi n g t h eir

m a xi m u m drift dist a n c es, 𝑥 - fi el ds, a n d t e m p er at ur es [9 – 1 3 ] i n c o nj u n cti o n wit h t h e p ar a m etri z ati o n

of t h e el e ctr o n m o bilit y i ntr o d u c e d i n r ef er e n c e [ 4 ]. W h er e o p er ati n g t e m p er at ur es ar e n’t k n o w n

( S B N D a n d D U N E v erti c al drift), 8 9 K is ass u m e d. N ot e t h at L ArI A T h as di ff er e nt v al u es f or wir e

pit c h, a n d sli g htl y di ff er e nt 𝐸 - fi el ds a n d o p er ati n g t e m p er at ur es i n e a c h r u n [9 ].

4. 3 I m p a ct of Di ff usi o n o n d Q/ d x Dist ri b uti o ns

Distri b uti o ns of d 𝑧 / d𝐸 f or i d e ali z e d m u o ns a n d pr ot o ns at di ff er e nt drift dist a n c es c a n b e f o u n d i n

fi g ur e 5 . Di ff usi o n a cts t o m o dif y t h e s h a p e of t h e distri b uti o ns as a f u n cti o n of drift ti m e, h o w e v er

t h e m e a ns of t h e distri b uti o n d o n ot m e a ni n gf ull y c h a n g e. Di ff usi o n als o a v er a g es o ut t h e st o c h asti c

n at ur e of e n er g y d e p ositi o n, bri n gi n g t h e distri b uti o n cl os er t o t h e m e a n. T his c a n b e u n d erst o o d b y

c o nsi d eri n g a t o y e x p eri m e nt wit h o nl y t w o wir es. A L a n d a u- distri b ut e d r a n d o m n u m b er is dr a w n

f or e a c h wir e t o si m ul at e a c h ar g e d e p ositi o n, a n d t h e n di ff usi o n is si m ul at e d, r es ulti n g i n s o m e

fr a cti o n of c h ar g e, 𝐸 , fr o m t h e first wir e l a n di n g o n t h e s e c o n d wir e, a n d vi c e- v ers a. T h e c h ar g e

c oll e ct e d o n t h e first wir e aft er di ff usi o n, 𝑥 𝑄 𝑥 𝛽𝐸
𝑥 1 c a n t h e n b e c o nsi d er e d as a li n e ar c o m bi n ati o n of

t h e c h ar g e d e p osit e d o n e a c h wir e b ef or e di ff usi o n (𝛼 𝛽 𝑊 𝛼
𝛽 𝑊 ), 𝑄 𝑥 𝑡 𝑑𝑥

𝐸 1 = 𝑑 × 𝑣 𝑑 𝑚 𝐿
𝐺 1 + ( 1 − 𝜎 ) × 𝐿 𝑚 𝑇 𝐺

𝜎 2 . A

li n e ar c o m bi n ati o n of n u m b ers dr a w n fr o m t h e s a m e r a n d o m distri b uti o n d o es n ot f oll o w t h e i n p ut

distri b uti o n, b ut a ct u all y b e c o m es m or e ti g htl y c o n c e ntr at e d ar o u n d t h e m e a n of t h e distri b uti o n .

I n g e n er al d 𝑇 / d 𝜋 distri b uti o ns ar e k n o w n t o c h a n g e as a f u n cti o n of d 𝑦 - a n e ff e ct w hi c h is n ot e d

ar o u n d fi g ur e 3 4. 8 of r ef er e n c e [ 1 4 ]. T his e ff e ct is d u e t o t h e l ar g er c h a n c e of a h ar d s c att er wit h

a n i n cr e as e d d 𝑧 , p ulli n g t h e m e as ur e d d𝑑 / d𝜋 t o l ar g er v al u es. T his pr o c ess is si mil ar i n e ff e ct, b ut

m e a ni n gf ull y di ff er e nt fr o m w h at w e o bs er v e, i n t h at w h at w e s e e is n ot d u e t o t h e wi dt h of t h e

d et e cti o n r e gi o n b ut a n a v er a gi n g e ff e ct d u e t o t h e p h ysi c al mi xi n g of el e ctr o ns b et w e e n d et e cti o n

r e gi o ns.

Wit h f ar m or e t h a n t w o s a m pl es, t h e distri b uti o n w o ul d as y m pt oti c all y a p pr o a c h a G a ussi a n wit h a m e a n of t h e

ori gi n al L a n d a u distri b uti o ns a c c or di n g t o t h e c e ntr al li mit t h e or e m.
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Fi g u r e 5 : Ar e a n or m ali z e d distri b uti o ns of d𝑥 / d𝐸 f or t h e MI P-r e gi o n ( a 1 m r e gi o n 1 m fr o m t h e

e n d of t h e tr a c k) f or m u o ns (l eft) a n d pr ot o ns (ri g ht) as a f u n cti o n of drift ti m e usi n g p erf e ctl y

f or w ar d g oi n g p arti cl es wit h o nl y i o ni z ati o n si m ul at e d. T h e b ott o m pl ots s h o w r ati o of e a c h drift

bi n t o t h e l o w est drift bi n. T h e distri b uti o ns b e c o m e dist ort e d as a f u n cti o n of drift ti m e, wit h t h e

M P V m o vi n g t o t h e ri g ht f or gr e at er drift ti m es, h o w e v er t h e m e a n of t h e distri b uti o ns r e m ai ns

r el ati v el y c o nst a nt.

4. 4 I m p a ct of Di ff usi o n o n C ali b r ati o n

T h e d 𝑧 / d𝐸 distri b uti o ns c h a n gi n g as a f u n cti o n of drift ti m e h as i m pli c ati o ns f or h o w L Ar T P Cs

ar e c ali br at e d. C urr e nt c ali br ati o n t e c h ni q u es f or L Ar T P Cs pri m aril y us e c os mi c r a y m u o ns as

c ali br ati o n s o ur c es. T h e m e di a n a n d m ost pr o b a bl e v al u e ( M P V) of d 𝐸 / d𝑥 distri b uti o ns ar e us e d

r at h er t h a n t h e m e a n t o b e m or e r o b ust a g ai nst t h e e ff e ct of d elt a r a ys w hi c h mi g ht o v erl a y t h e tr a c ks

[1 2 , 1 5 ], a n d ot h er r e c o nstr u cti o n p at h ol o gi es. B e c a us e di ff usi o n a cts t o m o v e t h e distri b uti o ns

cl os er t o t h e m e a n, a n d b e c a us e t h e distri b uti o n is n o n- G a ussi a n wit h a t ail t o hi g h d 𝑄 / d𝑥 v al u es, t h e

m e di a n a n d M P V b ot h m o v e t o hi g h er d 𝛽 / d𝐸 v al u es as a f u n cti o n of drift ti m e. Usi n g a n i d e ali z e d

s a m pl e of m u o ns, w e c a n s e e t h e e ff e cts of t h e bi as i n t a bl e 1 (s h o w n gr a p hi c all y i n fi g ur e 6 ).

T h e m e a n v al u es of d 𝑥 / d𝛼 aft er di ff usi o n d o n ot c h a n g e w h e n c o m p ar e d t o t h e s a m e distri b uti o ns

pr e- di ff usi o n, h o w e v er t h e m e di a n a n d M P V v al u es c h a n g e si g ni fi c a ntl y, wit h a bi as of ∼ 5 % i n

M P V f or t h e t h os e d e p ositi o ns wit h t h e l o n g est drift ti m es c o nsi d er e d. We h a v e als o st u di e d m u o ns

g e n er at e d at t hirt y (si xt y) d e gr e es t o t h e pl a n e a n d f o u n d t h at t h e bi as d u e t o di ff usi o n r e m ai n e d

a p pr o xi m at el y c o nst a nt. T h er e is a n a d diti o n al bi as of 1. 9 % ( 3. 3 %) i n c urr e d fr o m t h e i n cr e as e d

wi dt h of m at eri al t h e m u o n tr a v els t hr o u g h f or e a c h d et e cti o n r e gi o n f or t h es e a n g ul ar s a m pl es.

We n ot e h er e t h at t h e bi as w e r e p ort is d e p e n d e nt o n t h e v al u es of t h e di ff usi o n a n d r e c o m bi n ati o n
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Dr ift Ti m e ( 𝑥 s) M e a n d 𝐸 / d𝑧 ( e− / c m) M e di a n d 𝐸 / d𝐸 ( e− / c m) M P V d 𝑥 / d𝑄 ( e− / c m)

n o di ff di ff % bi as n o di ff di ff % bi as n o di ff di ff % bi as

0- 1 0 0 0 5 4 3 5 8. 3 5 4 3 5 9. 1 0. 0 5 1 5 5 6. 7 5 2 1 0 8. 6 1. 1 4 9 0 0 3. 5 4 9 9 0 9. 2 1. 8

1 0 0 0- 2 0 0 0 5 4 3 1 3. 9 5 4 3 1 3. 9 0. 0 5 1 4 9 2. 1 5 2 4 2 6. 7 1. 8 4 8 9 2 1. 9 5 0 4 9 1. 1 3. 2

2 0 0 0- 3 0 0 0 5 4 3 2 5. 4 5 4 3 2 6. 2 0. 0 5 1 5 2 1. 1 5 2 6 5 9. 6 2. 2 4 8 9 3 4. 4 5 0 7 9 7. 2 3. 8

3 0 0 0- 4 0 0 0 5 4 2 8 7. 5 5 4 2 8 7. 4 0. 0 5 1 5 3 5. 3 5 2 7 6 9. 0 2. 4 4 8 9 6 2. 7 5 1 0 9 3. 3 4. 4

4 0 0 0- 5 0 0 0 5 4 3 1 5. 9 5 4 3 1 6. 2 0. 0 5 1 5 3 1. 9 5 2 8 7 0. 8 2. 6 4 8 8 2 6. 3 5 1 2 0 2. 1 4. 9

T a bl e 1 : M e a n, m e di a n, a n d M P V d𝑥 / d𝛽 v al u es b ef or e a n d aft er a p pl yi n g di ff usi o n f or di ff er e nt

drift ti m e r a n g es. T h es e w er e m a d e usi n g a n i d e ali z e d s a m pl e of 1 G e V f or w ar d- g oi n g m u o ns

o utli n e d i n § 4. 1 .

p ar a m et ers c h os e n f or t h e si m ul ati o n a n d s h o ul d b e us e d o nl y as a n e x a m pl e of t h e e ff e ct.

0 5 0 0 1 0 0 0 1 5 0 0 2 0 0 0 2 5 0 0 3 0 0 0 3 5 0 0 4 0 0 0 4 5 0 0 5 0 0 0

s)µDrift Ti m e (
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Fi g u r e 6 : Bi as of m e a n, m e di a n, a n d M P V d𝐸 / d𝑥 v al u es aft er a p pl yi n g di ff usi o n w h e n c o m p ar e d

t o t h e tr u e m e a n, m e di a n a n d M P V pr e- di ff usi o n. T h e i d e ali z e d s a m pl e of 1 G e V f or w ar d- g oi n g

m u o ns o utli n e d i n § 4. 1 w as us e d t o esti m at e t h e bi as.

C urr e nt r es p o ns e- fl att e ni n g ( d 𝛼 / d 𝛽 ) c ali br ati o n t e c h ni q u es c o ul d b e i m p a ct e d b y t h e e ff e ct

dis c uss e d a b o v e. C ali br ati o ns i n t h e Y- Z pl a n e m a y b e c o m e bi as e d if t h e 𝑊 - dir e cti o n c o v er a g e is n ot

a p pr o xi m at el y e q u al i n e a c h bi n, b ut t h e l ar g er, m or e dir e ct i m p a ct o n s u c h a c ali br ati o n str at e g y

is o n t h e 𝛼 - dir e cti o n r es p o ns e- fl att e ni n g c ali br ati o n w hi c h is al m ost c ert ai nl y bi as e d b y t his e ff e ct.

T his e ff e ct als o li k el y i m p a cts c urr e nt e n er g y-s c al e ( d 𝛽 / d𝑊 ) c ali br ati o ns, w hi c h us e t h e M P V v al u e

of d 𝑄 / d𝑥 . Gi v e n t h at t h e m e a n of t h e distri b uti o n a p p e ars t o b e a n u n bi as e d esti m at or a cr oss t h e

v ol u m e, o n e c o ul d c o nsi d er usi n g t h e m e a n i n c ali br ati o n e ff orts. T h e pr es e n c e of d elt a r a ys, w hi c h

w o ul d m o dif y t h e s h a p e of t h e distri b uti o n, s h o ul d bi as t h e m e a n b y t h e s a m e a m o u nt a cr oss t h e

drift ti m e si n c e d elt a r a ys s h o ul d b e pr o d u c e d e q u all y a cr oss t h e v ol u m e (s e e a p p e n di x A ).

Eit h er w a y w e c h o os e t o c ali br at e, w e i ntr o d u c e bi as. C urr e nt t e c h ni q u es usi n g t h e m e di a n a n d

M P V of t h e distri b uti o n ar e bi as e d i n a drift- d e p e n d e nt w a y w hi c h c urr e ntl y c a n n ot b e c orr e ct e d
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due to insufficient knowledge about the value of . Choosing to calibrate with the mean would
introduce additional bias due to the presence of delta rays, but would make the calibration insensitive
to diffusion. To state it succinctly, we can either choose to have a large flat bias, or a smaller but
drift-dependent bias. To minimise all bias one could use the mean value for the response-flattening
part of the calibration, and use the MPV for muons close to the anode for the energy scale calibration.
In this way we would only introduce a flat bias into response flattening, and this would be corrected
when setting the energy scale, with some small residual uncertainty from the effects of diffusion
on the d /d distributions close to the anode. We emphasise, however, that this avenue should be
explored in detector-dependent contexts, as reconstruction pathologies, which may also affect the
shape of the distribution, may differ for different experimental setups. If the mean cannot be used
because reconstruction pathologies are too severe, then one could use the simulation to estimate the
true values of the median and MPV as a function of drift time, though this would require simulating

accurately and with precision in a way that has not been achieved so far in LArTPCs (appendix
B, reference [1]).

4.5 Impact of Diffusion on Particle Identification

To quantify how the changing shape of the d /d distribution impacts the particle identification
capabilities of LArTPCs, one must choose a particle identification method. Here we choose the 2

method, in which one calculates

2 1 N depositions d
d

d
d

2

2 (4.1)

where d
d is the observed energy deposition per unit length at a given distance to the track

end (DTE), and d
d is the expected energy deposition per unit length at that DTE for a

given particle species, . This technique is both simple and ubiquitous in the LArTPC community
[12, 16], and so is chosen as our baseline. We choose 2 d

d , which is expected to be
an overestimate of the uncertainty.

Using the physics-on sample outlined in §4.1 we produce distributions of 2 for muons,
pions, kaons and protons using the last 30 cm of the tracks (figure 7). The long tails present
in the distributions of pions, kaons, and protons are due to events where the particles re-interact
before stopping, meaning there is no Bragg peak present and making this PID implementation
ineffective. There is a shift to lower scores for all distributions after simulating diffusion, which
can be understood as being due to the averaging effect of diffusion on the distributions of d d .
Effectively, the MPV of the distribution moving towards the mean of the distribution results in more
depositions having a lower 2 when compared to the proton Bragg Peak. Diffusion clearly has a
limited effect on the ability of LArTPCs to separate muons from protons, as the change in PID score
after applying diffusion is not on the scale of the separation of the two populations. For separating
muons from pions, or kaons from protons, the change in PID score due to diffusion is on the scale
of the separation of the two populations, so must be considered as a potentially significant source of
systematic uncertainty. Figure 8 shows the distribution of 2 scores for muons and pions for tracks
near to the anode (0-1000 s), and those near to the cathode (4000-5000 s). The slight shift to
lower PID scores for longer drift times indicates that implementing PID in a drift-time dependent
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Fi g u r e 7 : Distri b uti o ns of 𝑥 2
𝐸 f or m u o ns (t o p), pi o ns (s e c o n d), k a o ns (t hir d) a n d pr ot o ns ( b ott o m)

usi n g t h e l ast 3 0 c m of e a c h tr a c k b ef or e a n d aft er si m ul ati n g di ff usi o n.

w a y m a y h el p t o i m pr o v e s e p ar ati o n of m u o ns a n d pi o ns, t h o u g h t h e e ff e ct is s m all, a n d c urr e nt

d et e ct or r es ol uti o ns m a y w as h o ut t his e ff e ct i n d at a.

I n a d diti o n t o t h e 𝑧 2 m et h o d, w e i n v esti g at e d t h e e ff e ct of di ff usi o n o n 𝐸 - p s e p ar ati o n usi n g t h e

m or e s o p histi c at e d al g orit h m pr es e nt e d i n [ 1 7 ], a n d f o u n d t h at, si mil arl y, v al u es of t h e PI D s c or e

c h a n g e d b y s m all a m o u nts r el ati v e t o t h e s e p ar ati o n of t h e p o p ul ati o ns.

– 1 0 –



0 0. 5 1 1. 5 2 2. 5 3 3. 5 4
/ N D F

p

2χ

0

0. 0 5

0. 1

0. 1 5

0. 2

0. 2 5

0. 3

Fr
ac

ti
o
n 

of
 

P
ar

ti
cl

es

sµ, 0 0 0 0- 1 0 0 0 µTr u e 

sµ, 0 0 0 0- 1 0 0 0 πTr u e 

sµ, 4 0 0 0- 5 0 0 0 µTr u e 

sµ, 4 0 0 0- 5 0 0 0 πTr u e 

Fi g u r e 8 : Distri b uti o ns of 𝑥 2
𝐸 f or m u o ns ( bl u e) a n d pi o ns ( gr e e n) wit h di ff usi o n si m ul at e d. T h e li n e

hist o gr a ms s h o w t h e distri b uti o n f or p arti cl es at l o w drift-ti m es w hil e t h e fill e d hist o gr a ms s h o w

t h e distri b uti o n f or t h os e p arti cl es at hi g h drift-ti m es. T h er e is a sli g ht s hift t o l o w er PI D s c or es

as a f u n cti o n of drift ti m e, i n di c ati n g a drift-ti m e d e p e n d e nt PI D m a y h el p t o disti n g uis h t h e t w o

p o p ul ati o ns.

5 C o n cl usi o ns

I n t his w or k, w e h a v e st u di e d h o w di ff usi o n i m p a cts e n er g y r e c o nstr u cti o n a n d c ali br ati o n, a n d p ar-

ti cl e i d e nti fi c ati o n, usi n g a G E A N T 4 si m ul ati o n of a L Ar T P C. T h er e ar e t hr e e pri m ar y c o n cl usi o ns

fr o m t his st u d y.

T h e first a n d m ost i m p ort a nt c o n cl usi o n is t h at di ff usi o n c a n m e a ni n gf ull y i m p a ct L Ar T P C

c ali br ati o ns w h e n t h e m e di a n a n d M P V d 𝑧 / d 𝐸 ar e us e d t o c ali br at e. T h e m e a n d 𝐸 / d𝑥 i n c urs a

l ar g e bi as fr o m e ff e cts s u c h as d elt a r a ys, b ut is i n d e p e n d e nt of t h e v al u e of t h e tr a ns v ers e di ff usi o n

c o e ffi ci e nt, a n d s o is fl at i n drift ti m e, m a ki n g it a g o o d c a n di d at e t o us e t o fl att e n d et e ct or r es p o ns e.

T h e M P V of t h e distri b uti o n is li k el y still t h e b est c a n di d at e f or s etti n g t h e e n er g y s c al e, t h o u g h

i d e all y t h e d𝑄 / d𝑥 distri b uti o n w o ul d b e t a k e n fr o m m u o ns tr a v elli n g cl os e t o t h e a n o d e t o mi ni mis e

t h e i m p a ct of bi as fr o m di ff usi o n. Of c o urs e, i n cl usi o n of a d diti o n al d et e ct or-s p e ci fi c e ff e cts (𝛽 -

fi el d n o n-li n e ariti es, wir e r es p o ns e, r e c o nstr u cti o n) m a y r e n d er all a p pr o a c h es bi as e d, a n d s o w e

als o s u g g est a n alt er n ati v e a p pr o a c h; o n e c o ul d us e t h e si m ul ati o n t o e xtr a ct t h e tr u e p ost- di ff usi o n

distri b uti o n m e di a n a n d M P V t o c orr e ct t o. T h e pr e cisi o n of t his str at e g y is h o w e v er li mit e d b y t h e

u n c ert ai nt y o n 𝐸 𝑥 .

T h e s e c o n d t a k e a w a y is t h at o utsi d e of t h e i m p a ct o n c ali br ati o n, di ff usi o n is u nli k el y t o h a v e a n

i m p a ct o n t h e a bilit y of L Ar T P Cs t o s e p ar at e m u o ns a n d pr ot o ns. T his c o n cl usi o n is e x p e ct e d gi v e n

t h at di ff usi o n h as n ot s h o w n its elf t o b e s o ur c e of l ar g e s yst e m ati c u n c ert ai nt y i n c urr e ntl y p u blis h e d

a n al ys es usi n g d at a fr o m L Ar T P Cs. We d o fi n d, h o w e v er, t h at di ff usi o n m a y b e a si g ni fi c a nt s o ur c e

of s yst e m ati c u n c ert ai nt y f or s e p ar ati n g m u o ns fr o m pi o ns a n d k a o ns fr o m pr ot o ns. I n t his c as e,

t h er e is s o m e i n di c ati o n fr o m t his st u d y t h at a drift-ti m e d e p e n d e nt PI D c o ul d b e us e d t o i m pr o v e

t h e s e p ar ati o n of t h es e p o p ul ati o ns, t h o u g h f urt h er st u d y wit h a f ull M o nt e- C arl o si m ul ati o n a n d

d at a is n e e d e d.
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The third take away is that one must be careful when simulating diffusion, especially with
respect to grouping ionization electrons into packets. Doing so can significantly modify d d
distributions in the simulation in a way that is not present in the data.

Finally, we note that the effects we have presented in this document are entirely driven by
transverse diffusion, for which there are still no measurements at the -fields relevant for LArTPCs.
Measuring should be a priority to understand diffusion for long-drift distance LArTPCs.
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A Calibration Bias With Physics-On Sample

For the calibration studies carried out in this work we used an idealized sample with most physics
effects turned off so that we were able to separate out the effects of diffusion from other effects.
The study is repeated using the physics-on sample outlined in §4.1, and the results are presented in
table 2 and shown graphically in figure 9. In general the same conclusions drawn in the main text
of this work hold here, though with some notable differences. The bias in the median and MPV
of the distributions as a function of drift time are increased relative to the idealized sample, while
the mean of the distribution remains unbiased by the effects of diffusion. There is a relatively large
bias ( 13%) incurred when comparing the mean values with physics-on with those values reported
in table 1, and this difference likely comes from the presence of delta rays, which modify the
mean more than either the median or the MPV due to the presence of long tails in the distribution.
Notably, this bias is constant across the drift. The fluctuations around the mean bias of 13% are
due to comparing statistically independent samples, and similar variations are also present in both
the median and MPV curves, though are more difficult to pick out due to the bias changing as a
function of the drift time. The average increase in the bias across the drift time from using the
physics-on sample are 12 92 0 23 for the mean, 1 96 0 05 for the median, and 0 08 0 25 for
the MPV, where the quoted uncertainties are just the RMS of the bin values.

Drift Time ( s) Mean d /d (e / cm) Median d /d (e /cm) MPV d /d (e /cm)
no diff diff % bias no diff diff % bias no diff diff % bias

0-1000 61393.3 61385.4 0.0 52496.3 53084.1 1.1 49046.6 49916.7 1.8
1000-2000 61358.0 61348.7 0.0 52513.7 53651.6 2.2 49030.3 50851.2 3.7
2000-3000 61117.0 61125.5 0.0 52514.6 53985.6 2.8 48856.3 51160.6 4.7
3000-4000 61462.6 61462.6 0.0 52536.0 54278.6 3.3 48742.4 51442.0 5.5
4000-5000 61458.2 61399.4 0.0 52507.9 54416.9 3.6 48800.5 51665.5 5.9

Table 2: Mean, median, and MPV d /d values before and after applying diffusion for different
drift time ranges. These were made using the physics-on sample of muons described in §4.1.
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