
First double-differential measurement of kinematic imbalance
in neutrino interactions with the MicroBooNE detector

P. Abratenko,35 O. Alterkait,35 D. Andrade Aldana,15 J. Anthony,5 L. Arellano,20 J. Asaadi,34 A. Ashkenazi,32

S. Balasubramanian,12 B. Baller,12 G. Barr,25 J. Barrow,21, 32 V. Basque,12 O. Benevides Rodrigues,31

S. Berkman,12 A. Bhanderi,20 M. Bhattacharya,12 M. Bishai,3 A. Blake,17 B. Bogart,22 T. Bolton,16 J. Y. Book,14

L. Camilleri,10 D. Caratelli,4 I. Caro Terrazas,9 F. Cavanna,12 G. Cerati,12 Y. Chen,28 J. M. Conrad,21

M. Convery,28 L. Cooper-Troendle,39 J. I. Crespo-Anadón,6 M. Del Tutto,12 S. R. Dennis,5 P. Detje,5 A. Devitt,17

R. Diurba,2 Z. Djurcic,1 R. Dorrill,15 K. Duffy,25 S. Dytman,26 B. Eberly,30 A. Ereditato,2 J. J. Evans,20

R. Fine,18 O. G. Finnerud,20 W. Foreman,15 B. T. Fleming,39 N. Foppiani,14 D. Franco,39 A. P. Furmanski,23

D. Garcia-Gamez,13 S. Gardiner,12 G. Ge,10 S. Gollapinni,33, 18 O. Goodwin,20 E. Gramellini,12 P. Green,20, 25

H. Greenlee,12 W. Gu,3 R. Guenette,20 P. Guzowski,20 L. Hagaman,39 O. Hen,21 R. Hicks,18 C. Hilgenberg,23

G. A. Horton-Smith,16 B. Irwin,23 R. Itay,28 C. James,12 X. Ji,3 L. Jiang,37 J. H. Jo,3, 39 R. A. Johnson,8

Y.-J. Jwa,10 D. Kalra,10 N. Kamp,21 G. Karagiorgi,10 W. Ketchum,12 M. Kirby,12 T. Kobilarcik,12 I. Kreslo,2

M. B. Leibovitch,4 I. Lepetic,27 J.-Y. Li,11 K. Li,39 Y. Li,3 K. Lin,27 B. R. Littlejohn,15 W. C. Louis,18

X. Luo,4 C. Mariani,37 D. Marsden,20 J. Marshall,38 N. Martinez,16 D. A. Martinez Caicedo,29 K. Mason,35

A. Mastbaum,27 N. McConkey,20, 36 V. Meddage,16 K. Miller,7 J. Mills,35 A. Mogan,9 T. Mohayai,12

M. Mooney,9 A. F. Moor,5 C. D. Moore,12 L. Mora Lepin,20 J. Mousseau,22 S. Mulleriababu,2 D. Naples,26

A. Navrer-Agasson,20 N. Nayak,3 M. Nebot-Guinot,11 J. Nowak,17 N. Oza,10, 18 O. Palamara,12 N. Pallat,23

V. Paolone,26 A. Papadopoulou,1, 21 V. Papavassiliou,24 H. B. Parkinson,11 S. F. Pate,24 N. Patel,17 Z. Pavlovic,12

E. Piasetzky,32 I. D. Ponce-Pinto,39 I. Pophale,17 S. Prince,14 X. Qian,3 J. L. Raaf,12 V. Radeka,3 A. Rafique,1

M. Reggiani-Guzzo,20 L. Ren,24 L. Rochester,28 J. Rodriguez Rondon,29 M. Rosenberg,35 M. Ross-Lonergan,18

C. Rudolf von Rohr,2 G. Scanavini,39 D. W. Schmitz,7 A. Schukraft,12 W. Seligman,10 M. H. Shaevitz,10

R. Sharankova,12 J. Shi,5 E. L. Snider,12 M. Soderberg,31 S. Söldner-Rembold,20 J. Spitz,22 M. Stancari,12
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We report the first measurement of flux-integrated double-differential quasielastic-like neutrino-
argon cross sections, which have been made using the Booster Neutrino Beam and the MicroBooNE
detector at Fermi National Accelerator Laboratory. The data are presented as a function of kine-
matic imbalance variables which are sensitive to nuclear ground state distributions and hadronic
reinteraction processes. We find that the measured cross sections in different phase-space regions
are sensitive to different nuclear effects. Therefore, they enable the impact of specific nuclear ef-
fects on the neutrino-nucleus interaction to be isolated more completely than was possible using
previous single-differential cross section measurements. Our results provide precision data to help
test and improve neutrino-nucleus interaction models. They further support ongoing neutrino-
oscillation studies by establishing phase-space regions where precise reaction modeling has already
been achieved.

Neutrino oscillation measurements aim to extract neu-
trino mixing angles, mass differences, and the charge-
parity violating phase, and to search for new physics be-
yond the Standard Model [1–3]. The analysis of such
measurements traditionally relies on detailed compar-
isons of measured and theoretically-expected neutrino in-
teraction rates in the corresponding detectors. Therefore,
a precise understanding of neutrino-nucleus interactions
is required to fully exploit the discovery potential of cur-
rent and next-generation experiments.

With a growing number of neutrino-oscillation exper-
iments employing liquid argon time projection cham-
ber (LArTPC) neutrino detectors [4–9], high-accuracy
modeling of neutrino-argon interactions is becoming of
paramount importance [10–12]. The overarching goal of
these efforts is both to achieve few-percent-level mod-
eling of neutrino-argon interaction rates and to provide
a detailed understanding of the final-state kinematics of
emitted particles that are used to reconstruct the ener-
gies of the interacting neutrinos [13, 14].

This Letter reports the first measurement of flux-
integrated double-differential cross sections for muon-
neutrino-argon (νµ-Ar) charged-current (CC) quasielas-
tic (QE)-like scattering reactions as a function of trans-
verse kinematic imbalance variables. Building upon a
previous analysis of neutrino-argon cross sections with a
similar signal event topology [15], we focus on reactions
where the neutrino removes a single intact proton from
the nucleus without producing any additional detected
particles. The results reported here are obtained using
the Booster Neutrino Beam (BNB) and the MicroBooNE
detector at Fermi National Accelerator Laboratory with
an exposure of 6.79× 1020 protons on target.

Transverse kinematic imbalance variables were previ-
ously shown to be sensitive to the modeling of the nuclear
ground-state distribution and to nuclear medium effects,
such as hadronic final-state interactions (FSI) [16–21].
By measuring the components of the muon and proton
momenta perpendicular to the neutrino direction, p⃗T

µ

and p⃗T
p respectively, we construct the transverse missing

momentum, δp⃗T = p⃗T
µ + p⃗T

p, and its angular orienta-

tion with respect to p⃗T
µ, δαT = arccos

(
− p⃗T

µ · δp⃗T
pT µ δpT

)
.

Due to the isotropic nature of Fermi motion, δαT is ex-
pected to be uniformly distributed in the absence of any
FSI. In the presence of FSI, the proton momentum is
generally reduced and the δαT distribution becomes en-
hanced towards 180◦. Similarly, the shape of the δpT dis-
tribution encapsulates information related to Fermi mo-
tion and is further smeared due to FSI and multi-nucleon
effects. Given the sensitivity of δαT to FSI and of δpT
to both FSI and Fermi motion, a simultaneous measure-
ment of these two observables can help to disentangle the
individual impact of each nuclear effect on the neutrino-
nucleus interaction. Similarly, the muon-proton momen-
tum imbalance components transverse and parallel to the
transverse lepton momentum, δpT,x = δpT · sin δαT and
δpT,y = δpT · cos δαT , provide further handles on Fermi
motion and FSI processes, respectively.

The active volume of the MicroBooNE LArTPC con-
tains 85 tonnes of argon [22]. It is exposed to the BNB
neutrino energy spectrum that peaks around 0.8GeV and
extends to about 2GeV.

Neutrinos are detected by measuring the charged par-
ticles produced following their interactions with argon
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FI G. 1.  T h e fl u x-i nt e g r a t e d ( a ) si n gl e- a n d ( b- c ) d o u bl e- (i n δ α T bi n s ) di ff e r e nti al C C 1 p 0 π c r o s s s e c ti o n s a s a f u n c ti o n of t h e
t r a n s v e r s e mi s si n g m o m e nt u m δ p T . I n n e r a n d o u t e r e r r o r b a r s s h o w t h e s t a ti s ti c al a n d t o t al ( s t a ti s ti c al a n d s h a p e s y s t e m a ti c )
u n c e r t ai nt y a t t h e 1 σ , o r 6 8 %, c o n fi d e n c e l e v el. T h e g r a y b a n d s h o w s t h e s e p a r a t e n o r m ali z a ti o n s y s t e m a ti c u n c e r t ai nt y.
C ol o r e d li n e s s h o w t h e r e s ul t s of t h e o r e ti c al c r o s s s e c ti o n c al c ul a ti o n s wi t h ( s oli d li n e ) a n d wi t h o u t ( d a s h e d li n e ) F SI b a s e d o n
t h e G E N I E ( bl u e ) a n d G i B U U ( o r a n g e ) e v e nt g e n e r a t o r s.

n u cl ei i n t h e L Ar T P C a cti v e v ol u m e. T h e s e c h ar g e d
p arti cl e s tr a v el t hr o u g h t h e li q ui d ar g o n, pr o d u ci n g b ot h
s ci ntill ati o n li g ht a n d tr ail s of i o ni z ati o n el e ctr o n s. I n t h e
p r e s e n c e of a u nif or m 2 7 3 V / c m el e ctri c fi el d, t h e i o ni z a-
ti o n el e ctr o n s drift t hr o u g h t h e ar g o n a n d ar e d et e ct e d b y
a s y st e m of t hr e e a n o d e wir e pl a n e s t h at ar e p er p e n di c u-
l ar t o t h e fi el d. T h e s ci ntill ati o n li g ht i s m e a s ur e d b y p h o-
t o m ulti pli er t u b e s ( P M T s). E v e nt s ar e r e c or d e d if t h e
P M T si g n al s ar e i n ti m e c oi n ci d e n c e wit h t h e b e a m ar-
ri v al ti m e. Tri g g er h ar d w ar e a n d s oft w ar e s el e cti o n c ut s
r ej e ct b a c k gr o u n d e v e nt s, m o stl y fr o m c o s mi c m u o n s,
p r o vi di n g e nri c h e d d at a s a m pl e s i n w hi c h a n e utri n o i n-
t er a cti o n o c c ur s i n ≈ 1 5 % of s el e ct e d b e a m s pill s [ 2 3 ].

T h e P a n d o r a r e c o n str u cti o n p a c k a g e [ 2 4 ] i s u s e d t o
f or m i n di vi d u al tr a c k s fr o m t h e m e a s ur e d i o ni z ati o n si g-
n al s i n t h e e nri c h e d d at a s a m pl e s. P arti cl e i d e nti fi c a-
ti o n a n d m o m e nt u m d et e r mi n ati o n ar e p erf or m e d u si n g
t h e m e a s ur e d tr a c k e n er g y- d e p o siti o n pr o fil e a n d tr a c k
l e n gt h [2 5 , 2 6 ].

C a n di d at e m u o n- pr ot o n p air s ar e i d e nti fi e d b y r e q uir-
i n g e x a ctl y t w o tr a c k-li k e o bj e ct s a n d n o s h o w er-li k e o b-
j e ct s b a s e d o n a tr a c k- s c or e v ari a bl e fr o m P a n d o r a [2 7 ,
2 8 ]. T h e di s cri mi n a nt d e s cri b e d i n [2 9 ] i s u s e d t o di s-
ti n g ui s h m u o n a n d pr ot o n c a n di d at e s. We f urt h er a p pl y
q u alit y c ut s t o a v oi d mi s-r e c o n str u ct e d tr a c k s. D et ail s
a r e gi v e n i n [ 3 0 ].

T o r e d u c e c o ntri b uti o n s fr o m c o s mi c tr a c k s a n d t o mi n-
i mi z e bi n- mi gr ati o n e ff e ct s, t h e e v e nt s el e cti o n c o n si d er s
o nl y m u o n a n d pr ot o n tr a c k p air s t h at ar e f ull y c o nt ai n e d
wit hi n a fi d u ci al v ol u m e of 1 0 c m fr o m t h e e d g e of t h e d e-
t e ct or a cti v e v ol u m e.

T h e si g n al d e fi niti o n u s e d i n t hi s a n al y si s i n cl u d e s all
ν µ - Ar s c att eri n g e v e nt s wit h a fi n al- st at e m u o n wit h m o-
m e nt u m 0. 1 < p µ < 1. 2 G e V / c a n d e x a ctl y o n e fi n al- st at e
p r ot o n wit h 0. 3 < p p < 1 G e V / c . E v e nt s wit h fi n al- st at e
n e utr al pi o n s at a n y m o m e nt u m ar e e x cl u d e d. Si g n al
e v e nt s m a y c o nt ai n a d diti o n al pr ot o n s wit h m o m e nt u m
l e s s t h a n 3 0 0 M e V /c or gr e at er t h a n 1 G e V / c , n e utr o n s
at a n y m o m e nt u m, a n d c h ar g e d pi o n s wit h m o m e nt u m

l o w er t h a n 7 0 M e V /c . We r ef er t o t h e si g n al e v e nt s a s
C C 1 p 0 π .

Aft er t h e a p pli c ati o n of t h e e v e nt s el e cti o n, w e r et ai n
9 0 5 1 d at a e v e nt s t h at s ati sf y all crit eri a. E v e nt di stri-
b uti o n s f or all t h e af or e m e nti o n e d v ari a bl e s of i nt er e st
a n d d et ail s o n t h e C C 1 p 0 π e v e nt s el e cti o n c a n b e f o u n d
i n [3 0 ].

T h e fl u x- a v er a g e d di ff er e nti al e v e nt r at e a s a f u n cti o n
of a gi v e n v ari a bl e x i n bi n i i s o bt ai n e d b y

d R

d x i
=

N i − B i

T · Φ ν · ∆ i
( 1)

w h er e N i a n d B i ar e t h e n u m b er of m e a s ur e d e v e nt s a n d
t h e e x p e ct e d b a c k gr o u n d e v e nt s, r e s p e cti v el y. T i s t h e
n u m b er of t ar g et ar g o n n u cl ei i n t h e fi d u ci al v ol u m e of
i nt er e st. Φν c orr e s p o n d s t o t h e t ot al B N B fl u x a n d, fi-
n all y, ∆ i c orr e s p o n d s t o t h e i-t h bi n wi dt h or ar e a f or
t h e si n gl e- a n d d o u bl e- di ff er e nti al r e s ult s, r e s p e cti v el y.

We r e p ort t h e e xtr a ct e d cr o s s s e cti o n s f or t h e m e a s ur e d
i nt er a cti o n u si n g t h e Wi e n er si n g ul ar v al u e d e c o m p o si-
ti o n ( Wi e n er- S V D) u nf ol di n g t e c h ni q u e a s a f u n cti o n of
u nf ol d e d ki n e m ati c v ari a bl e s [ 3 1 ]. M or e d et ail s o n t h e
u nf ol di n g pr o c e d ur e c a n b e f o u n d i n [ 3 0 ]. T h e u nf ol d-
i n g m a c hi n er y r et ur n s t h e u nf ol d e d di ff er e nti al cr o s s s e c-
ti o n a n d t h e c orr e s p o n di n g u n c ert ai nti e s. A p art fr o m
t h e u nf ol d e d r e s ult, a n a d diti o n al s m e ari n g m atri x A C

i s o bt ai n e d, w hi c h a c c o u nt s f or t h e r e g ul ari z ati o n a n d
bi a s of t h e m e a s ur e m e nt. W h e n a c o m p ari s o n t o t h e u n-
f ol d e d d at a i s p erf or m e d, t h e c orr e s p o n di n g A C m atri c e s
m u st b e a p pli e d t o t h e tr u e cr o s s s e cti o n pr e di cti o n s. S e e
S u p pl e m e nt al M at eri al f or t h e d at a r el e a s e, t h e u nf ol d e d
c o v ari a n c e m atri c e s, a n d t h e a d diti o n al m atri c e s A C .

A s i n pr e vi o u s Mi cr o B o o N E m e a s ur e m e nt s [ 1 5 , 3 2 – 3 4 ],
t h e f ull M o nt e C arl o ( M C) si m ul ati o n u s e d i n t h e u n-
f ol di n g pr o c e d ur e c o n si st s of a c o m bi n ati o n of si m ul at e d
n e utri n o i nt er a cti o n s o v erl ai d o n b e a m- o ff b a c k gr o u n d
e v e nt s. T hi s pr o vi d e s a n a c c ur at e d e s cri pti o n of t h e d o m-
i n a nt c o s mi c b a c k gr o u n d s p erti n e nt t o s urf a c e d et e ct or s
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u si n g r e al d at a. N e utri n o i nt er a cti o n s ar e si m ul at e d u s-
i n g t h e G E N I E v 3 . 0 . 6 e v e nt g e n er at or [ 3 5 , 3 6 ], w h er e t h e
C C Q E a n d C C m e s o n e x c h a n g e c urr e nt ( M E C) n e utri n o
i nt er a cti o n m o d el s h a v e b e e n t u n e d t o T 2 K ν µ -1 2 C C C 0 π
d at a [ 3 7 , 3 8 ]. We r ef er t o t h e c orr e s p o n di n g pr e di cti o n
a s G 1 8 . G E N I E g e n er at e s all fi n al- st at e p arti cl e s a s s o ci-
at e d wit h t h e pri m ar y n e utri n o i nt er a cti o n a n d pr o p a-
g at e s t h e m t hr o u g h t h e n u cl e u s, a c c o u nti n g f or F SI. T h e
p arti cl e pr o p a g ati o n o ut si d e t h e n u cl e u s i s si m ul at e d u s-
i n g G E A N T 4 [3 9 ], wit h t h e Mi cr o B o o N E d et e ct or r e s p o n s e
m o d el e d u si n g t h e L A r S o f t fr a m e w or k [4 0 , 4 1 ]. B a s e d
o n t hi s si m ul ati o n, w e e sti m at e t h at o ur e ffi ci e n c y f or
s el e cti n g C C 1 p 0 π e v e nt s i s ≈ 1 0 %, wit h a p urit y of ≈
7 0 %.

T h e t ot al c o v ari a n c e m atri x E = E s t a t + E s y s t u s e d
i n t h e Wi e n er- S V D filt er i n cl u d e s t h e st ati sti c al a n d s y s-
t e m ati c u n c ert ai nti e s a s s o ci at e d wit h o ur m e a s ur e m e nt.
E s t a t i s a di a g o n al c o v ari a n c e m atri x i n cl u di n g t h e st ati s-
ti c al u n c ert ai nti e s a n d E s y s t i s a c o v ari a n c e m atri x i n c or-
p or ati n g t h e t ot al s y st e m ati c u n c ert ai nti e s. M or e d et ail s
o n t h e c o n str u cti o n of t h e s e m atri c e s c a n b e f o u n d i n [ 3 0 ].
T h e s e m atri c e s i n cl u d e u n c ert ai nti e s o n t h e i nt e gr at e d
c r o s s s e cti o n d u e t o t h e n e utri n o fl u x pr e di cti o n ( 7. 3 %),
n e utri n o i nt er a cti o n c r o s s s e cti o n m o d eli n g ( 5. 3 %), d e-
t e ct or r e s p o n s e m o d eli n g ( 4. 9 %), b e a m e x p o s ur e ( 2. 3 %),
st ati sti c s ( 1. 5 %), n u m b er- of- s c att eri n g-t ar g et s ( 1. 1 5 %),
r ei nt er a cti o n s ( 1 %), a n d o ut- of- cr y o st at i nt er a cti o n m o d-
eli n g ( 0. 2 %). T h e f ull fr a cti o n al u n c ert ai nt y o n t h e i nt e-
g r at e d t ot al cr o s s s e cti o n s u m s t o 1 1 %.

A cr o s s t h e r e s ult s r e p ort e d i n t hi s L ett er, st ati sti c al
u n c ert ai nti e s ar e s h o w n b y t h e i n n er err or b ar s o n t h e
fi n al r e s ult s. T h e s y st e m ati c u n c ert ai nti e s w er e d e c o m-
p o s e d i nt o s h a p e- a n d n or m ali z ati o n-r el at e d s o ur c e s f ol-
l o wi n g t h e pr o c e d ur e o utli n e d i n [4 2 ]. T h e cr o s s-t er m u n-
c ert ai nti e s w er e i n c or p or at e d i n t h e n or m ali z ati o n p art.
T h e o ut er err or b ar s o n t h e r e p ort e d cr o s s s e cti o n s c or-
r e s p o n d t o st ati sti c al a n d s h a p e u n c ert ai nti e s a d d e d i n
q u a dr at ur e.  T h e n or m ali z ati o n u n c ert ai nti e s ar e pr e-
s e nt e d wit h t h e gr a y b a n d at t h e b ott o m of o ur r e s ult s.

T h e si n gl e- a n d d o u bl e- di ff er e nti al r e s ult s a s a f u n c-
ti o n of δ p T ar e pr e s e nt e d i n Fi g. 1 .  T h e y ar e c o m-
p ar e d wit h G 1 8 a n d t h e t h e or y- dri v e n G i B U U 2 0 2 1 ( G i B )
e v e nt g e n er at or. A d diti o n al c o m p ari s o n s t o t h e c orr e-
s p o n di n g e v e nt g e n er at or s w h e n F SI ar e t ur n e d o ff ar e
al s o i n cl u d e d ( G 1 8 n o - F S I a n d G i B U U n o - F S I ). G 1 8
u s e s t h e l o c al Fer mi g a s ( L F G) m o d el of t h e n u cl e ar
gr o u n d st at e [ 4 3 ] a n d t h e Ni e v e s C C Q E s c att eri n g pr e-
s cri pti o n [ 4 4 ] wit h C o ul o m b c orr e cti o n s f or t h e o ut g oi n g
m u o n [ 4 5 ] a n d r a n d o m p h a s e a p pr o xi m ati o n ( R P A) c or-
r e cti o n s [ 4 6 ]. It al s o u s e s t h e Ni e v e s M E C m o d el [4 7 ],
t h e K L N- B S r e s o n a n c e ( R E S) [ 4 8 – 5 1 ] a n d B er g er- S e h g al
c o h er e nt ( C O H) [ 5 2 ] s c att eri n g m o d el s. F urt h er m or e,
t h e h A 2 0 1 8 F SI m o d el [ 5 3 ] a n d t h e Mi cr o B o o N E- s p e ci fi c
t u ni n g of m o d el p ar a m et er s [ 3 8 ] ar e utili z e d. G i B U U u s e s
s o m e w h at si mil ar m o d el s, b ut, u nli k e G E N I E , t h e y ar e i m-
pl e m e nt e d i n a c o h er e nt w a y b y s ol vi n g t h e B olt z m a n n-
U e hli n g- U hl e n b e c k tr a n s p ort e q u ati o n [ 5 4 ]. T h e si m u-
l ati o n i n cl u d e s t h e L F G m o d el [4 3 ], a st a n d ar d C C Q E
e x pr e s si o n [ 5 5 ], a n e m piri c al M E C m o d el a n d a d e di-
c at e d s pi n- d e p e n d e nt r e s o n a n c e s a m plit u d e c al c ul ati o n
f oll o wi n g t h e M A I D a n al y si s [ 5 4 ]. T h e d e e p i n el a sti c ( DI S)
m o d el i s fr o m P Y T H I A [5 6 ]. T h e F SI tr e at m e nt i s di ff er e nt
a s t h e h a dr o n s pr o p a g at e t hr o u g h t h e r e si d u al n u cl e u s i n
a n u cl e ar p ot e nti al w hi c h i s c o n si st e nt wit h t h e i niti al
st at e.

T h e si n gl e- di ff er e nti al r e s ult s a s a f u n cti o n of δ p T u s-
i n g all t h e e v e nt s t h at s ati sf y o ur s el e cti o n ar e s h o w n i n
Fi g. 1 a. T h e χ 2 / bi n s d at a c o m p ari s o n f or e a c h g e n er a-
t or s h o w n o n all t h e r e s ult s t a k e s i nt o a c c o u nt t h e t ot al
c o v ari a n c e m atri x, i n cl u di n g t h e o ff- di a g o n al el e m e nt s.
T h e or eti c al u n c ert ai nti e s o n t h e m o d el s t h e m s el v e s ar e
n ot i n cl u d e d. T h e p e a k h ei g ht of b ot h g e n er at or pr e-
di cti o n s i s ≈ 3 0 % hi g h er w h e n F SI e ff e ct s ar e t ur n e d
o ff. Yet, all di stri b uti o n s ill u str at e a tr a n s v er s e mi s si n g
m o m e nt u m t ail t h at e xt e n d s b e y o n d t h e Fer mi m o m e n-
t u m ( ≈ 2 5 0 M e V / c ) w h et h er F SI e ff e ct s ar e i n c or p or at e d
or n ot. T h e d o u bl e- di ff er e nti al r e s ult u si n g e v e nt s wit h
δ α T < 4 5 ◦ s h o w n i n Fi g. 1 b i s d o mi n at e d b y e v e nt s t h at
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FI G. 3. T h e fl u x-i nt e g r a t e d ( a ) si n gl e- a n d ( b- c ) d o u bl e- (i n δ p T , y bi n s ) di ff e r e nti al C C 1 p 0 π c r o s s s e c ti o n s a s a f u n c ti o n of t h e
t r a n s v e r s e t h r e e- m o m e nt u m t r a n sf e r c o m p o n e nt, δ p T , x . I n n e r a n d o u t e r e r r o r b a r s s h o w t h e s t a ti s ti c al a n d t o t al ( s t a ti s ti c al a n d
s h a p e s y s t e m a ti c ) u n c e r t ai nt y a t t h e 1 σ , o r 6 8 %, c o n fi d e n c e l e v el. T h e g r a y b a n d s h o w s t h e s e p a r a t e n o r m ali z a ti o n s y s t e m a ti c
u n c e r t ai nt y. C ol o r e d li n e s s h o w t h e r e s ul t s of t h e o r e ti c al c r o s s s e c ti o n c al c ul a ti o n s wi t h a n u m b e r of e v e nt g e n e r a t o r s. T h e
s t a n d a r d d e vi a ti o n ( σ D a t a ) of a G a u s si a n fi t t o t h e d a t a i s s h o w n o n e a c h p a n el.

pri m aril y o c c u p y t h e r e gi o n u p t o t h e Fer mi m o m e nt u m
a n d d o n ot e x hi bit a hi g h- m o m e nt u m t ail. T h e d o u bl e-
di ff er e nti al r e s ult s u si n g e v e nt s wit h 1 3 5 ◦ < δ α T < 1 8 0 ◦

ar e s h o w n i n Fi g. 1 c a n d ill u str at e hi g h tr a n s v er s e mi s s-
i n g m o m e nt u m u p t o 1 G e V /c . T h e pr e di cti o n wit h o ut
F SI e ff e ct s i s str o n gl y di sf a v or e d. T h er ef or e, t h e hi g h
δ p T r e gi o n i s a n a p p e ali n g c a n di d at e f or n e utri n o e x p eri-
m e nt s t o b e n c h m ar k a n d t u n e t h e F SI m o d eli n g i n e v e nt
g e n er at or s.

E xtr a ct e d cr o s s s e cti o n s a s a f u n cti o n of δ α T ar e s h o w n
i n Fi g. 2 . H er e w e p erf or m c o m p ari s o n s t o t h e r e c e ntl y
a d d e d t h e or y dri v e n G E N I E v 3 . 0 . 6 G 2 1 1 1 b 0 0 0 0 0
c o n fi g ur ati o n ( G 2 1 h N ) [5 7 ]. T hi s c o n fi g ur ati o n u s e s t h e
S u S A v 2 m o d el f or C C Q E a n d C C M E C i nt er a cti o n s [ 5 8 ],
a n d t h e h N 2 0 1 8 F SI m o d el [ 5 9 ]. T h e m o d eli n g c h oi c e s
f or R E S, DI S, a n d C O H i nt er a cti o n s ar e t h e s a m e a s
f or G 1 8 . We i n v e sti g at e d t h e e ff e ct of t h e F SI- m o d eli n g
c h oi c e b y c o m p ari n g t h e G 2 1 h N r e s ult s t o t h e o n e s o b-
t ai n e d wit h G 2 1 h A , w h er e t h e h A 2 0 1 8 F SI m o d el w a s
u s e d i n st e a d, a n d t o G 2 1 G 4 wit h t h e r e c e ntl y c o u pl e d
G E A N T 4 F SI fr a m e w or k [ 6 0 ]. T h e pr e di cti o n w h er e t h e
F SI e ff e ct s h a v e b e e n t ur n e d o ff ( G 2 1 n o - F S I ) i s al s o i n-
cl u d e d f or c o m p ari s o n.

T h e si n gl e- di ff er e nti al r e s ult s a s a f u n cti o n of δ α T u s-
i n g all t h e e v e nt s t h at s ati sf y o ur s el e cti o n ar e s h o w n i n
Fi g. 2 a. T h e pr e di cti o n wit h o ut F SI s h o w s a u nif or m
b e h a vi or a s a f u n cti o n of δ α T a n d i s di sf a v or e d b y t h e
d at a. T h e a d diti o n of F SI e ff e ct s l e a d s t o a ≈ 3 0 % a s y m-
m etr y ar o u n d δ α T = 9 0 ◦ . T h e t hr e e F SI m o d el s u s e d
h er e f or c o m p ari s o n yi el d a c o n si st e nt b e h a vi or. T h e
d o u bl e- di ff er e nti al r e s ult s h o w n i n Fi g. 2 b u si n g e v e nt s
wit h δ p T < 0. 2 G e V / c ill u str at e s a u nif or m di stri b uti o n
i n di c ati v e of t h e s u p pr e s s e d F SI i m p a ct i n t h at p art of
t h e p h a s e- s p a c e. T h e G 2 1 n o - F S I pr e di cti o n i s hi g h er
t h a n t h e ot h er F SI pr e di cti o n s. T h e di ff er e n c e c o m e s
f r o m t h e g e n er ati o n of m ulti pl e p arti cl e s a b o v e d et e cti o n
t hr e s h ol d d u e t o r ei nt e r a cti o n e ff e ct s i n t h e F SI-ri c h s a m-
pl e s. S u c h e v e nt s d o n ot s ati sf y t h e si g n al d e fi niti o n a n d
t h er ef or e i ntr o d u c e t h e di ff e r e n c e i n t h e a b s ol ut e s c al e.

T h e d o u bl e- di ff er e nti al r e s ult s u si n g e v e nt s wit h δ p T >
0. 4 G e V / c ar e s h o w n i n Fi g. 2 c a n d ill u str at e t h e pr e s-
e n c e of str o n g F SI e ff e ct s wit h a si g ni fi c a ntl y e n h a n c e d
a s y m m etr y ar o u n d 9 0 ◦ . T h u s, t h e hi g h δ α T r e gi o n i s
hi g hl y i nf or m ati v e f or t h e F SI- m o d eli n g p erf or m a n c e i n
e v e nt g e n er at or s. S e e S u p pl e m e nt al M at eri al f or d et ail s
o n t h e i nt er a cti o n br e a k d o w n of t h e af or e m e nti o n e d r e-
s ult s a n d [ 3 0 ] f or f urt h er d o u bl e- di ff er e nti al r e s ult s.

Fi n all y, Fi g. 3 s h o w s t h e si n gl e- a n d d o u bl e- di ff er e nti al
r e s ult s a s a f u n cti o n of δ p T , x . T h e r e s ult s h o w s t h e c o m-
p ari s o n b et w e e n t h e n o mi n al G 1 8 m o d el u si n g t h e l o-
c al Fer mi g a s ( L F G ) a n d pr e di cti o n s u si n g t h e s a m e G 1 8
i nt er a cti o n pr o c e s s e s b ut di ff er e nt n u cl e ar gr o u n d- st at e
m o d el o pti o n s a v ail a bl e i n t h e G E N I E e v e nt g e n er at or,
n a m el y t h e B o d e k- Rit c hi e Fer mi G a s ( R F G ) [6 1 ] a n d a n
e ff e cti v e s p e ctr al f u n cti o n ( E f f S F ) [6 2 ]. F urt h er m or e, t h e
pr e di cti o n wit h o ut R P A e ff e ct s i s s h o w n f or c o m p ari s o n
(n o - R P A ) [4 6 ].

T h e si n gl e- di ff er e nti al r e s ult ( Fi g. 3 a) ill u str at e s a
f airl y br o a d s y m m etri c di stri b uti o n c e nt er e d ar o u n d
0 G e V / c . T h e d o u bl e- di ff er e nti al r e s ult f or e v e nt s w h er e
δ p T , y < - 0. 1 5 G e V /c ( Fi g. 3 b) ill u str at e s a n e v e n br o a d er
di stri b uti o n, a s c a n b e s e e n i n t h e wi dt h s ( σ D a t a ) of
G a u s si a n fit s o n t h e d at a di stri b uti o n s.  C o n v er s el y,
t h e d o u bl e- di ff er e nti al r e s ult f or e v e nt s wit h |δ p T , y | <
0. 1 5 G e V / c ( Fi g. 3 c) s h o w s a m u c h n arr o w e r p e a k w hi c h
str o n gl y d e p e n d s o n t h e c h oi c e of t h e u n d erl yi n g m o d el
a n d t h e i n cl u si o n or a b s e n c e of n u cl e ar e ff e ct s s u c h a s
R P A. T h e L F G a n d n o - R P A pr e di cti o n s ar e f a v or e d i n
b ot h p art s of t h e p h a s e- s p a c e. T h e S u p pl e m e nt al M at e-
ri al c o nt ai n s d et ail s o n t h e i nt er a cti o n br e a k d o w n of v ar-
i o u s g e n er at or pr e di cti o n s f o r t h e r e s ult s r e p ort e d h er e,
a n d f urt h er si n gl e- a n d d o u bl e- di ff er e nti al r e s ult s c a n b e
f o u n d i n [3 0 ].

I n s u m m ar y, w e r e p ort t h e fir st m e a s ur e m e nt of m u o n
n e utri n o d o u bl e- di ff er e nti al cr o s s s e cti o n s o n ar g o n a s
a f u n cti o n of ki n e m ati c i m b al a n c e v ari a bl e s f or e v e nt
t o p ol o gi e s wit h a si n gl e m u o n a n d a si n gl e pr ot o n d e-
t e ct e d i n t h e fi n al st at e. We i d e ntif y p art s of t h e p h a s e
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space where the Fermi motion can be largely disentan-
gled from FSI and multi-nucleon effects. This disentan-
glement provides leverage to improve separate parts of
the complicated neutrino interaction models that affect
single-differential distributions in similar ways. There-
fore, the reported results pave the path to substantially
reducing cross section systematic uncertainties which will
enable precision measurements of fundamental neutrino
properties.
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