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T2K experimen'l' See E. Zimmerman
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Far deiecior:: oscillation analyses
Near detectors:
« Constrain flux and cross-section model before oscillation ,

« Cross-section measurements in unoscillated beam



Why cross section uncertainty is a problem?

Oscillation experiments require to know ® (E, ), o (E, .x) & D(x)...
simplified version:
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Why cross section uncertainty is a problem?

Oscillation experiments require to know |® (E, || 0 (E, X) & D(X)...
simplified version:

Cross-sections relate E, and
observables; do not cancel in the ratio
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Why cross section uncertainty is a problem?

Oscillation experiments require to know |® (E, || o (E, X) & D(ﬂ...
simplified version:

Cross-sections relate E, and
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acceptance, target, resolution)




Why cross section uncertainty is a problem?

Oscillation experiments require to know |® (E, || o (E, X) & D(ﬂ...
simplified version:

Cross-sections relate E, and Oscillation probability

observables; do not cancel in the ratio depends on true E

Zs’:m(x) _lo(E, . D®PE)®D" X)®F, (E,))
evenss (X) O(E,,X)RQP(E,)|®D"™" (%)
Detector effects (eﬁiciency,.

acceptance, target, resolution)



Why cross section uncertainty is a problem?

Oscillation experiments require to know |® (E, || o (E, X) & D(ﬂ...
simplified version:

Oscillation probability

Cross-sections relate E, and
observables; do not cancel in the ratio

N (%) _|o(E,.DHQPE,)®D" (%) ®P, (E,))

depends on tfrue E,

near — :I I —
events (x) O(Ev9x) ¢(Ev) ® Dnear (x)
v beam is not monochromatic Detector effects (efficiency,
acceptance, target, resolution)

Near/far ratios don’'t fully cancel systematics:

« ®(E,) change due to geometry and oscillation

« Acceptance, efficiency and targets different in the 2 detectors
* NDis v, dominated, but used fo infer (via model) v,

Uncertainties on cross section is the main source of systematics for T2K.
For future Long baseline experiments: require few % cross-section systematics!



Nevutrino Interactions
(and nuclear effects)
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Nevutrino Interactions
(and nuclear effects)

Vu H
+
CCQE W
n p

Dominant @T2K

But Nucleons bound in the nucleus = Nuclear effect!
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n
Free lnmal Nuclear Extra Nuclear Final State
Nucleon State Effects Interactions (FSI)

How to select a genuine CCQE m’reroc’rlon’c‘? No way..




T2K strategy: topology catalogue

Nuclear and detector effects

Interaction Interaction obfuscate frue interaction mode
Modes Topologies Signal definition based on final
\.\// \_\/ state topology, to avoid model
CCQE v ccon dependence tfrying to extract a
: (CCQE-like) CCQE component
/ﬂ/\;\ /'@\
NEUT 5.3.2
\\,/'/ \/ CClm Int/topo | CCOxn CClxn
CCRES (CCRES-like)
/,_< //@< CCQE 82% 0.3%
CCRES 6% 77.1%
~7 i CCDIS | 0.2% 7%
I CCOm+Np
2p2h P — L ¢ __ (N>0) 2p2h 11.8% 0.04%

P

Comparing different generators: NEUT, GENIE, NuWro GIBUU

“ \Y/ _GiBUU )
The Giessen Boltzmann-Ueh




T2K sirategy: multi target, multi flux

2 5o ND280 off-axis detector located 280 m from the
UA1 Magnet Yoke g EV ~ O.éGev TOrgeT:

N Mainly CCQE e n® detector (POD); targets: CH+H,O+Pb
RN « 3 Time Projection Chambers (TPC); target: Ar

Bomtisiiearn » 2 Fine-grained detectors (FGD); targets: CH
ECAL +HQO

* Electromagnetic calorimeters (ECal)

* UAT refurbished Magnet instrumented with
side muon range detector (SMRD)

Barrel ECAL

OO
E,~ 1GeV

INGRID on-axis detector: | CCRES important!

e Monitor the beam direction

* 14 modules arranged as a cross and
other 2 outside the main cross; targets:
CH+Fe

e Extra modules And soon data
- Proton Module (CH) from Wagasci (CH
- Water module (H,O) =l +H,0), 1.6° offiaxis




T2K sirategy: observables & techniques

Observables chosen in order to avoid model
dependence: mainly muon kinematics (p, and
cos,) but also new (xsec) model independent
variables for hadrons. Usually double differential
and flux integrated xsec measured
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» Techniques: blind analysis. D' Agostini or
binned likelihood fit for unfolding. Data-
driven regularization. No bias from prior
checked on lots of pseudo data sets.
After lot of checks and reviews: unblind

* Also started « forward folding »
techniques (not yet shown here)



T2K measurements

1. CC-inclusive
« on CH off axis
« on CH, Fe, H,O on axis

2. CCOn
* v, on CH off-axis
v,on H,O off axis
v+ on CH off-axis
* Anti-v, on H,O off axis (NEWI)

3. CClnonCHandH,0O

4. NCI1n®

5. v, selection



High angle

CC Inclusive on CH

Muon kinematics double differential cross section.
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Absolute cross sections

CC Inclusive A scaling

Combination measurements to constrain
physics models: Look at different targets to
probe A-scaling models: how the cross
section scale with the size of the nucleus
On axis: H,O, CH and Fe targets

Paper 1n preparation
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Absolute cross sections

Combination measurements to constrain
physics models: Look at different targets to
probe A-scaling models: how the cross
section scale with the size of the nucleus
On axis: H,O, CH and Fe targets

CC Inclusive A scaling
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Promising event reconstruction
in gas TPC... soon cross section
measurement on Aree?
Important for future LBL
experiments
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CCOx on CH and H,0O

»  Off axis. e
CCOn ~ 80% CCQE + 12% 2p2h I NEGEG_—

« Two independent measurements: FGD1
CCOx on water (POD) (2016) and POD (2018)

CCOm on CH (FGDT) « Comparison with various models

« Low momentum, high angle region
R under-predicted

2p2h required

I
BPRD 97, 012001 (2018)
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CCOxn+p on CH

Off axis
Cross section extracted as function

of the muon momentum and angle
for CCOmn-Op

Cross section extracted as function

of the muon and proton angle and
muon momentum for CCOn-1p with
momentum greater than 500 MeV/c

No model describing correctely the
whole considered phase space
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Single Transverse Variables (STV)

Vytn ->pu+p
v -

z Looking at new observables as suggested

B anl in Phys. Rev. C 94, 015503 (2016)
W+
n p

Pure CCQE
P%‘ i /;,z
pV
Py / pP
L _ p
Pr =—Pr

Search for momentum imbalance (lepton-hadron) in the transverse plane.
Approaching 2p2h and Final State Interaction with hadron variables.



Single Transverse Variables (STV)

Vy+N = p+N+20.

Vytn ->pu+p . v l
v ] Looking at new observables as suggested
B anl in Phys. Rev. C 94, 015503 (2016)
e . r”?
. : T
Pure CCQE With Nuclear
Effects
P%‘/I" /;z
p’ I,‘I/ p"
24 p?
l RN
Pr =—Ds Pr *—Pr

Search for momentum imbalance (lepton-hadron) in the transverse plane.
Approaching 2p2h and Final State Interaction with hadron variables.
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CCOx anti-v, on H,O

« POD data with and without water bags filled.
« Joint fit: Fit simultaneously water-in and water-out samples:
water out samples act as control regions for non-water events
O iy 3 .
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I CCiln* on CH and H,O B&

-+

Look at muon and pion kinematics E—
qom background for T2K, but signal for other oscillation expenmeF

Already public results: off axis on H,O (FGD2) and CH (FGD1)
Many other analyses on-going: v, on axis on CH and H,O, anti-v, and v, off-axis
on CH and H,O

24
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do/dp_(x 10™* cm?/ nucleon / GeV)

CCln* on CHand H,0 s

Look at muon and pion kinematics
in background for T2K, but signal for other oscillation experime_

Already public results: off axis on H,O (FGD2) and CH (FGD1)
Iv\ony other analyses on-going: v, on axis on CH and H,O, anti-v, and v, off-axis
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I CClx* on CHand H,O &

Look at muon and pion kinematics —
q}ln background for T2K, but signal for other oscillation expenme_
Already public results: off axis on H20 (FGD2) and CH (FGD1)

Iv\ony other analyses on-going: v, on axis on CH and H,O, anti-v, and v, off-axis
- on CH and H,O

I
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3 : . . | —NEUT $.142 § 035:— :— NEUT 5142 . .
ézj:jZK preliminary —me : »-T2K preliminary == Paper 1n preparation:
o cosf. =0.2 T differential and double-

differential cross section in

large number of variables,

included planar angle and
e E A hadron invariant mass

P, (GeV)

v, CClx* in POD almost public, larger stafistics

and acceptance, first attempt to forward folding o



NC1xn° and CC1xn®°

o~ 9
Q o .
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§ o Fit Background
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. , 2 40
n0, decayingin 2y’s, B o
important g [
background for 10E%:
Oppegrence 00 50 100 150 200 250 300 350 400 450 500
measurements at SK. Invariant Mass (MeV/c?)
Tt PRD 97 032002 (2018)
NC1x°rate measured < 70_""'_'T0tal'Flt"_
in the POD with 2 60F . 1 Ongoing xsec
subtraction method. 2 £ @ " Fit Background 3 measurements of
< oE { Data 3 NCI1alin the POD
Consistent with g 5 1 CClxa® analysis in
prediction but sfill @ 0 b4 FGDI
large uncertainties. o T
- Water out . :
0-.“.1.1..1....1....1,...1....1....1.1..1....1..;-0-

0 50 100 150 200 250 300 350 400 450 500
Invariant Mass (MeV/c?)

Data / Pred (water) = 0.68 * 0.26(stat) * 0.44(sys) * 0.12(flux) 27



Events / 300 MeV/c

Events / 300 MeV/c

100

Electron neutrinos

Ve in v mode

! + T2K PRELIMINARY ]
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= { L ¥ background

3
o i
:I i 3 Other background

| 10 proton background

T2K PRELIMINARY
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In the appearence channel (v, ->v,),
fhe infrinsic v, component in the v,
beam is the main background.

Very few measuerements existing

v.. very challenging selection because of
low statistic and x° background

v in anti-v mode |

: - % o o 3 Cross

§ 2 f £=] v, CC-0n . .

g “F ‘ e T section

2 " | 1 background - .

ik - B Ovbacgound analysis
2 _ % T2K PRELIMINARY —5 Comlﬂg
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0 h- __+’T"i‘;§+“-u 7 ‘_j TU ﬂed!

Momentum [MeV/c]
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Still working hard

Ongoing analyses (ready soon):
CCinclusive:
Anti-v,

« OnAr
. CCOn: Almost 20 advanced analyses!

v+antiv joint fit on C off axis
C+0O off axis

C+Pb off axis

C on/off axis

+CCla+ on axis and off axis
Vertex activity for CCOn-1p

e« CClIm

v, H,O off axis
v, on axis on C and H,O

« NCI1x° and CC1x® on H,O and CH off axis
« NCly
Plus many others at earlier stage 29



Future... almost present

WAGASCI: first near detector upgrade.
Now part of T2K

Segmented cubic CH/H,O (WAGASCI) and SMRD
+Baby MIND, 1.6° off axis

Proton

Module




Future: ND280 Upgrade by 2021

POD reploced with a TOTO”Y active JINST 13 P02006, CERN-SPSC-P357
target

SuperFGD: segmented 1cm?® cubes New horizontal

FGD Sandwiched by 2 TPCs TPCs

2 millions of Tcm3 cubes.
Optical fibers in 3 directions

o ereds e T “New horizontal detector
5 & i Super FGD
© 08 ;E:f

o =] Improve:

-, P ] « vertex reconstruction

“eL - E « Acceptance 4x

ool e, — E « Low momentum protons

o T f + Vertex activity

#W&
-l 08 -06 04 02 0 02 04 06 08 I e Neutrons®e 31



Conclusions

—

Neutrino inferaction uncertainties are critical for present
and mostly future oscillation experiments

Lot of efforts in T2K devoted to produce results with
different targets, fluxes and as much as possible model
Independent

Not clear picture yet... a part that we should increase
our knowledge and understanding of these interactions
soon!

Still working hard 1o increase acceptance, stafistics and
to look at rare events with new variables

12K upgrades will produce even better results... stay
tuned!
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No time for everything!
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| GENIE 2128, 0,,cu1 (E,) v, Flux (arbitrary norm.)
| =—— CC-Total I T2K: ND off-axis
- CC-RES

L CC-1p1h g 170701018 BE.
=== Nieves CC-2p2h

Super-K oscillated

1 2 3 4
E, (GeV)

5

Why cross section

unceriainty is a problem?

T2K has off axis approach to select the
neutrino energy: narrow beam centered
around 0.6 GeV

Mainly CCQE (CC-1p1h) at this energy
Precise measurements of xsec crucial for

T2K

TABLE I. Systematic uncertainty on far detector event yields.

Source [%)]

ND280-unconstrained cross section 2.4

Flux & ND280-constrained cross sec.|3.3

Vy | Ve Ve T Vy | Ve

SK detector systematics

Hadronic re-interactions

2.412.9(13.3 |2.0{3.8

2.2|13.0] 11.5 |2.0(2.3

Total

5.1/8.8| 18.4 |4.3|7.1

arXiv:1807.07891 34



GENIE 2.12.8, 0,,cu (E,) v, Flux (arbitrary norm.)

—— CC-Total I T2K: ND off-axis
womwe CC-RES
15 F e CC-1plh g 170701018 BE.

...... Nieves CC-2p2h

e
ot

o(E,)/E, (10380m2nucleon_1GeV_1)

Super-K oscillated

1 2 3 4
E, (GeV)
2

GENIE 2.12.8, 0,ch (E,) v, Flux (arbitrary norm.)

=  (CC-Total I T2K: ND off-axis

e CC-RES Il NOvA: ND off-axis
1.5 f ---- cCiplh+2p2h  |Jill DUNE CDR Ref.

------ NC-Total - MINERvA L.E.

e
ol

o(E,)/E, (10%cm?nucleon ' GeV 1)

1 2 3
arXiv:1803.08848

Why cross section
uncertainty is a problem?

T2K has off axis approach to select the
neutrino energy: narrow beam centered
around 0.6 GeV.

Mainly CCQE (CC-1p1h) at this energy
Precise measurements of xsec crucial for
T2K

But also for other present and future
oscillation experiments: a region full of
reaction thresholds and sparse data.
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SF (Benhar et al., 2000)
BBAOS (Bradford et al., 2005)

RFG (Bodek et al., 1981)
BBAOS (Bradford et al., 2005)

CCQE MaSE = 1.21 GeV/c? Ma%E = 0.99 GeV/c?
pr ['2C) = 217 MeV/c pr ['2C) = 221 MeV/c
Es ['2C] = 25 MeV Ea ['2C] = 25 MeV
2p2h Nieves et al., 2011 -
W<2 GeV W<1.7 GeV.
CCRES Rein-Sehgal, 1981 Rein-Sehgal, 1981
FF (Graczyk et al., 2008) FF (Kuzmin et al., 2016)
W>1.3 GeV (w/o single 1) W>1.7 GeV (for W<1.7 GeV is tuned)
CCDIS GRVS8 PDF (Glick et al. 1998) GRVS8 PDF (Glock et al. 1998)
BY corr. at low Q2 (Bodek et al. 2003) BY corr. at low Q2 (Bodek et al, 2005)
W< 23 GeV
W< 2GeV AGKY (Koba et al. 1972)
KNO scaling (Koba et al, 1972) 23GeVY < W <3GeY
Hadronization W > 2 GeV AGKY (Koba et al. 1972) + PYTHIAJETSET
PYTHIAJJETSET W> 3 GeY
PYTHIA/JETSET
FSI Intra-nuclear cascade Intra-nuclear cascade

(INTRANUKE hA)
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Table 20: Uncertainty on the number of event in each SK sample broken by error source before
the BANFF fit. The new Ej fake data spline parameter is included in the non-constrained by
ND280 cross-section parameters.

| 1-Ring p || 1-Ring ¢
Exror source | FHC | RHC || FHC | RHC | FHC CClx %’222?]8'
Beam | 7.6% | 6.6% || 84% | 74% | 8.4%
Cross-section (all) | 12.5% | 10.3% || 13.8% | 11.2% | 9.1%
Beam + Cross-section (all) || 14.4% | 12.2% || 15.7% | 13.2% | 12.5%
Total | 14.7% | 12.6% || 16.0% | 13.9% | 19.9%

Table 21: Uncertainty on the number of event in each SK sample broken by error source after
the BANFF fit.

| 1-Ring i || 1-Ring ¢
Error source || FHC | RHC || FHC | RHC | FHC CClx
Beam | 3.9% | 3.8% || 4.1% | 3.9% | 4.1%
Cross-section (constr. by ND280) 4.7% | 4.0% || 4.7% | 4.1% 14.1%
Cross-section (all) 5.6% | 4.3% | 8.6% | 6.3% 5.7%
Beam + Cross-section (constr. by ND280) || 2.9% | 2.7% || 3.0% | 2.9% 3.8%
Beam + Cross-section (all) 4.2% | 3.1% || 7.8% | 5.5% 5.4%
New E} fake data parameter 3.3% | 1.3% || 7.3% | 4.2% 2.9%
SK+FSI+SI | 3.3% | 2.9% || 4.1% | 4.4% | 16.8%
Total | 5.3% | 4.2% || 8.7% | 71% | 17.7%
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High angle

CC Inclusive on CH

Muon kinematics double differential cross section.

Off-axis o -1<cos 0, <-0.25 L Econ, <0z L 0.25 < cos 6, <0.45
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i T e - DN E:
CCQE due tolow % s & e00] % 4
S0zt 1 T = |
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. ot L ok ot
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CC inclusive in Ingrid

Table 6.4: Elemental composition of the scintillators in the fiducial volume
region

Element H C N O Ti Si
74% 88.7% 04% 28% 1.1% 0.2%

Table 6.5: The elemental composition of the water in the fiducial region

Element H,O H C N O
Mass fraction 99.95% 0% 0.03% 0.02% 0%

o820 = (0.84079510(stat.) 040 (syst.)) x 10~*cm? /nucleon

H20
I _ 102819916 (gt q¢ ) +0.05
g 88 —0.016 —0.05 oSE = (0.817f8j%;(stat.)fg:(l)éz(syst.)) x 1073¥cm? /nucleon
1 Fe i 0.12 i
o 0o 1 023+0'012(Stat )+0.051 T = (0.859f8_%g(stat.)fo'm(syst.)) x 10~*cm? /nucleon
Bixs H20 — 1-V49-0.012 *) =0.057\=v =~/
A R Y Oce

Fe
Jce +0.010 +0.043
B | | —088 = 1.049_0‘010(stat.)_O_Ms(syst.)

Figure 6.8: Relation between the number of iterations and calculated cross
section. Black is oy20, red is ocy and blue is og,.
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T2K and NOVA systematics
% Neutrino cross sections in OA 12K\
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» Large systematics at T2K and NOvVA long-baseline oscillation
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« NOvVA’s extensive detector calibration makes neutrino interactions
dominant systematic for atmospheric parameters in future
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Inferred Proton Kinematics warwick

Assuming a 2 body interaction the proton kinematics can be
determnned from the measured lepton kinematics

B = mtz, — m +2E,(m, — E}) — (m, — bb)z.
< 2[(m.,, —~ Ey) — E, + pucos,]

E;)nfcrer — E - E“ RS 7"})9

ferred __
7o = (—pZ,—pY, —p> + E,),

w

A})p = |.i};'"'""“""l‘| - I?;."Irrrr,dl.

measured n[r red

iAP' = |?;)nru. rrrrr -7 tpn] rrn!l.

- ..-_..—.—--v».....
' L 24

-
-

Differences between mferred and measured proton kinematics
manifest due to nuclear effects
S’reve Hadley, ICHEP 2018 4
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Inferred Proton Klnematlcs WARWICK

Measurement is provided as a TR s
function of muon kinematics and P e SR
inferred proton kinematics R
Examples: T O i D

........ NUWIo ! 1g SF wio 20dh a1 8

D8 <coaP )« G0, p_>350 VeV

0.8 <cos(B,) < 1.0, 250 MeV <p_ <750 MeV

0.0 < cos(,) <0.8, p_ >250 MeV

- 050 T
z,; 045 £ 3
2 40 g E
0as & 60 3
E 025 o 3
1 020 ’5 E
o 018 » 30 :
- o :
o 010 = 20 :
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g aos 4§ v ]
0 - > 9
Y7 00 05 1.0 15 0 ule - -k 'oo A

No model tested perfectly describes the data everywhere
(as indicated by large x2)
S’reve Hadley, ICHEP 2018 4



In FHC, the anti-ve component is tiny, however in RHC the
neutrino energy tail has almost identical populations of v e and
anti- v e. Thus, for the anti-neutrino oscillations the knowledge of

both v e and anti- v e beam composition is important, as they
pboth are irreducible backgrounds at far detector.

Neutrino Mode Flux at ND280 Antincutrino Mode Flux at ND280
g e
12 B A
210 > = =
> S f\ ;
v o —V —\_'
= > 10" 7
z- lol! g
5 5
S S 04)
~ 2 10%E
= = b
= 10% N
lOv“'a\ “‘\‘\. |
S — |
1o* ) N T
o lO _T
0 0 2 4 6 8 10
E, (GeV)

Figure 1: The neutrino flux in FHC (left) and RHC (right). From [1].
[1] T2K Technical Note 217 46



Nue and antinue flux

T2K v, and ¥, fluxes T2K v, and ¥, fluxes
10 : p
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Figure 2: The v, and ¥, neutrino fluxes in FHC and RHC. All fluxes in right plot are normalised to unity.
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v, and anti-v, as 2p2h probe
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Off and on axis
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CCOx on CH and H,0O
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