
The ROOT fiee here contain the daatarreieaee for the T2K fluxrintegrateda 
phaeerepace reetricteda daiferentiai croeereection meaeuremente of 
interactione which ieave no pione in the fnai etate (CC0pi), ae preeenteda 
in *PRD XYZ*. Thie paper containe three separate analyses: 

r  A multi-diferential measurement of CC0pi interactione binneda in: 
the number of protone above 500 MeV; the coeine of the outgoing muon 
angie with reepect to the incoming neutrino; the coeine of the higheet 
momentum outgoing proton angie (if one wae eeen) with reepect to the 
incoming neutrino; anda the momentum of the higheet momentum 
outgoing proton.

r An anaiyeie that meaeuree three CC0pi croee eectione each in bine of a 
particuiar single transverse variable. The kinematic phaeerepace 
meaeureda by thie anaiyeie ie reetricteda euch that it requiree: at ieaet one 
proton in the fnai etate with momentum between 550 MeV anda 1 GeV; the
coeine of the higheet momentum outgoing proton angie momentum 
proton angie with reepect to the incoming neutrino ie above 0.5; the 
outgoing muon momentum ie above 250 MeV; anda the coeine of the 
outgoing muon angie with reepect to the incoming neutrino ie above r0.6.

r An anaiyeie that meaeuree three CC0pi croee eectione in bine of a 
particuiar variabie characterieing proton inferred kinematic 
imbalance within bins of outgoing muon kinematics. The kinematic 
phaeerepace meaeureda by thie anaiyeie ie reetricteda euch that it requiree: 
at ieaet one proton in the fnai etate with momentum above 550; anda the 
coeine of the higheet momentum outgoing proton angie momentum 
proton angie with reepect to the incoming neutrino ie above 0.5.

It ehouida be noteda that aii three of theee anaiyeee expioit moetiy the eame
daata. The exception to thie ie that the 0th proton muitipiicity bin of the 
muitirdaiferentiai anaiyeie (expiaineda beiow) ie aimoet indaependaent from 
the other reeuite.



The multi-diferential data release (multidif_results.root) 

The croeereection ie quoteda in unite of 10Er39 cm^2 per target nucieon. In
the hietograme with iinearizeda binning anda in the 2D hietograme the bin 
content have not been daividaeda by the bin widath (area). In the other caeee, 
the bin content ie aiwaye daividaeda by the 1D bin widath aiong the x axie, 
without coneidaering further binning on other variabiee. (So, for inetance, 
the piote of croeereection ae a function of momentum are in unite of 10Er
39 cm^2 per target nucieon per GeV)

• Result (a TH1D) containe the extracteda croee eection in iinearieeda 
binning ae providaeda in the text fie multidif_binMap.txt (in brief: the fret
60 bine correeponda to the 0 proton eampie, the bine from 61 to nextr
toriaet bine correeponda to one proton eampie anda the iaet bin 
correeponda to the eampie with 2 or more protone). Theee bine have 
not been normaiieeda by the widath.

• CovarianceMatrix (a TH2D) containe the extracteda covariance in the 
eame binning ae Reeuit. Thie ie meaeureda in unite of 10Er78 cm^5.

Theee two objecte contain the entire anaiyeie reeuit but to faciiitate eaey 
comparieone extra information ie containeda in the foiiowing eub 
dairectoriee. 

The NoProtonsAbove500MeV dairectory containe the 2D reeuite for the eampie
which hae no protone above 500MeV (the 0th proton muitipiicity bin). Thie 
containe:

• ResultInMuonCosTheta (a TH1D) containe the 1D daiferentiai croee 
eection in bine of the coeine of the outgoing muon angie. Each bin ie 
normaiieeda by ite (1D) widath.

• MuonCosThetaSlice_X (10 TH1De) which each contain a 1D eiice of the 
croee eection in muon angie (each correepondae to a bin in 
ResultInMuonCosTheta) in bine of the outgoing muon momentum. Each 
bin ie normaiieeda by ite (1D) widath.

• FullBinnedResult_poly (a TH2Poiy) which containe the fuii 2D reeuit 
within the 0th proton muitipiicity bin in the form of a TH2Poiy. Theee 
bine have not been normaiieeda by the widath. The uncertaintiee are 
not inciudaeda.

The OneProtonAbove500MeV dairectory containe the 3D reeuite for the eampie
with 1 proton above 500MeV (the 1et proton muitipiicity bin). Thie 
containe:

• ResultInMuonCosTheta (a TH1D) containe the 1D daiferentiai croee 
eection in bine of the coeine of the outgoing muon angie. Each bin ie 
normaiieeda by ite (1D) widath.



• MuonCosThetaSlice_1D_X (5 TH1De) which each contain a 1D eiice of 
the croee eection in muon angie (each correepondae to a bin in 
ResultInMuonCosTheta) in bine of the outgoing proton angie. Each bin ie
normaiieeda by ite (1D) widath.

• MuCThSlice_X_PCThSlice_Y (5 TH1De) which each contain a 1D eiice of 
the croee eection in muon angie anda in proton angie in bine of 
outgoing proton momentum. Each bin ie normaiieeda by ite (1D) 
widath.

• MuonCosThetaSlice_X_poly (TH2Poiye) which each contain a eiice of 
muon angie binneda in the momentum of outgoing proton anda ite 
angie. Theee bine have not been normaiieeda by the widath. The 
uncertaintiee are not inciudaeda.

The ProtonMultiplicity dairectory containe the reeuit integrateda over 
everything but the proton muitipiicity bine. 

• Result (a TH1D) containe the extracteda croee eection in bine of proton 
muitipiicity (number of protone above 500 MeV). The fnai bin 
correepondae to 2 or greater number of protone eeen above 500 MeV.

• CovarianceMatrix (a TH2D) ie the covariance between bine of proton 
muitipiicity



The single transverse variable data-release (datResults(_noreg).root, 
dphitResults(_noreg).root, dptResults(_noreg).root)

datResults.root, dphitResults.root anda dptResults.root contain the reguiarieeda 
reeuite for croee eectione extracteda ae a function of δα_T, δφ_T anda δp_T 
reepectiveiy 

datResults.root, dphitResults.root anda dptResults.root contain the unreguiarieeda 
reeuite in the eame format.

• Result (a TH1D) containe the croee eection meaeureda in unite of 
cm^2 per target nucieon per GeV (radae) for  δp_T (δα_T, δφ_T). Each
bin hae been normaiieeda by ite widath. 

• Covariance_Matrix (a TH2D) containe the covariance in the eame 
binning ae Result

• Correlation_Matrix (a TH2D) containe the correiation matrix in the eame
binning ae Result

The ueer hae the choice of ueing the reguiarieeda or unreguiarieeda reeuite. 
When daeconvoiving the daetector emearing from the daata, an 
unreguiarieeda proceee ie unbiaeeda but can give iargercorreiatione between
adajacent bine in the reeuit, which wiii tenda to “zigrzag” arounda the truth. 
The appiication of reguiarieation ueee prior knowiedage of the true eignai 
daietribution in ordaer to emooth the reeuit, thereby obtaining a more 
daiagonai correiation matrix, at the coet of eome biae. In thie anaiyeie the 
reguiarieation etrength ie choeen (baeeda on daata rather than toy 
eimuiation etudaiee) to baiance minimai biae with a reaeonabie emoothing 
efect ueing the -rCurve methoda daiecueeeda in the paper.

Overaii the unreguiarieeda reeuit ie unbiaeeda but ie daifcuit to interpret 
without the accompanying correiation matrix, whiiet the reguiarieeda reeuit 
containe a emaii biae but hae ieee important ofrdaiagonai terme in the 
correiation matrix.

It ehouida be noteda that the widaeiy ueeda iterative unfoidaing methodae, euch 
ae that ueeda in the proton inferreda kinematic anaiyeie, are nativeiy 
reguiarieeda (the unreguiarieeda reeuit ie one with infnite iteratione) where 
the oftenrueeda eingie iteration caee givee maximai biae (equivaient to a 
much higher reguiarieation etrength than ie ueeda in thie anaiyeie).

In eummary, the ueer ie adavieeda to uee the unreguiarieeda reeuite when 
attempting to form a quantitative conciueion, for exampie when ueing the 
whoie meaeurement to eet conetrainte on modaei parametere ae part of a 
iikeiihooda ft or when, in an an aeeeeement of modaeirreeuit agreement, a 
chi2riike metric ie coneidaereda more important than the daatarreeuit 
hietogram. The ueer ie ineteada adavieeda to uee the reguiarieeda reeuite when
comparing to modaei predaictione or reeuite “by eye” or when trying to 
ieoiate modaeirreeuit daiecrepanciee to epecifc kinematic regione (thie ie 
aimoet aiwaye the caee when ehowing a hietogram of the croeereection 
reeuite). 



The proton inferred kinematic imbalance data-release 
(infkResults.root)

The croeereection ie meaeureda in unite of 10^r39 cm^2 per target nucieon
per GeV (daegreee) for Δp, |Δp| (ΔΘ). Each bin hada been normaiieeda by ite 
widath in the inferreda proton kinematic obeervabie (but not in muon 
kinematice). 

Each object in infkResults.root ie iabeiieda with a _p, _a or _tp which 
correepondae to the meaeuremente of Δp, ΔΘ or |Δp| reepectiveiy. 

• result_X (TH1De) contain the croee eectione in iinearieeda binning. 
Theee are arrangeda ae 7 bine in muon kinematice (ae enumerateda in 
eection IV.G of the pubiication) which each contain either 7 bine of 
Δp or |Δp| or 5 bine of ΔΘ. 

• resultBinY_X (TH1De) contain the croee eection in bine of the inferreda 
proton kinematic obeervabiee within the Yth muon kinematic bin (ae 
enumerateda in eection IV.G of the pubiication). 

• cov_X (TMatrixDe) are the covariance matricee in the eame binning 
ae result_X. 

• cor_X ( TMatrixDe) are the correiation matricee in the eame binning 
ae result_X.


