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Overview

 What are transverse kinematics and why
should we care?

« Current measurements: T2K and MINERVA
« What can we learn from these®?

e The future of transverse measurements
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What we want 1o learn about
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WhICh observqb\es2
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Single Transverse Variables

Vytn ou+p
v [

\/

74

[ n p

No nuclear Effects

Stephen Dolan ECT Modelling Workshop, Trento



Single Transverse Variables

Vytn ou+p

No nuclear Effects

ph = —p?
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Single Transverse Variables

Vy+tN o p+N'+27?

With Nuclear Effects

ph # —ph
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Single Transverse Variables

Vy+tN o p+N'+27?

« Any deviation from dp; =0, §¢pr =0
is indicative of nuclear effects

Phys. Rev. C 94, 015503 (2016
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STV model dISCFImIﬂOTIOﬂ 5pT
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* |In the absence of other nuclear effects, ép; is the
transverse projection of the Fermi motion.

« Since this motion is isotropic, ép; = Fermi motion
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STV mode\ dlscrlmmhon 5pT
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* |In the absence of other nuclear effects, ép; is the
transverse projection of the Fermi motion.

« Since this motion is isotropic, ép; = Fermi motion

« Cross section beyond the Fermi momentum must come
from physics beyond RFG — 2p2h, FSI, SRCs ...
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STV model discrimination - da

Consider imbalance
from only Fermi motion

Fermi motion is isotropic so
no preferred da; direction
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STV model discrimination - da

Final State
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STV mode\ dlscrlmmhon 5qu
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« A more general measure of transverse imbalance, more
2p2h and FSI give a larger contribution in the tail

« Noft quite as powerful as épr and Say

« But only requires outgoing particle angles and not their
momentum — much better detector resolution on §¢;
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Overview

« Current measurements: T2K and MINERVA
« What can we learn from these®?

e The future of tfransverse measurements
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The players
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Signal: v,CCO0mr + Np (N > 0)
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The fluxes
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Kinematic constraints
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Kinematic constraints

T2
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Kinematic constraints

T2
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Kinematic constraints
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We may be way off the map!

High missing energy

“grasslands” We've been shown a "map”
i < of where we can expect our
L ot odels to work ...

nucleus energy

Valence “mountains”

missing

E

missing: nucleus momentum DonneIIy, Mahn, Morrison ,Orden — Nuint 18
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Overview

« What can we learn from these®?

e The future of transverse measurements
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Shape only vs full xsec
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. Results from arX|v 1802 050 5 Results from arX|v 1805 05486
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« The bulk of the distribution does not have the “Fermi-cliff”
present in RFG models — rejection of RFG model

 No model separation in the tail - not surprising since this
Is dominated by other 2p2h and FSI effects
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6 | Results from arX|v 1802 050| Results from arX|v 1805 05486
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* In general similar conclusions from NuWro

« For MINERVA result NUWro over/under estimates the
bulk/tail (more on this nextl).
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_ 6 — Results from arX|v 1802 050| . Results from arX|v 1805 05486
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* In general similar conclusions from NuWro

« For MINERVA result NUWro over/under estimates the
bulk/tail (more on this nextl).

« SF appears important to fill in the “dip” region (SRCs
extend the initial state nucleon momentum distribution)
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Sensitivity to 2p2h and FSI

Results from arXiv 1802.05078
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right.
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Sensitivity to 2p2h and FSI
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FSIin GENIE
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FSIin GENIE

dofdp_(cm’/GeV/c/nucleon)

Results from arXiy 180I5.Q5486
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« Best probe of thisis ¢
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« Removing this “elastic” FSI gives comparisons much more
compatible with the results
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Exp\orlng 2p2h using GIBUU

GIBUU describes 2p2h in vN inferactions by likening to
known eN scattering (see previous talk).

« Linkis via simple factors where the only free Qorcme’rer IS
the isospin (T) of the initial state. E.g.: wy = (G@%mg) R$-2(T + 1)

 Expect T=0 [Phys. Rev. C92, 024604
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Exploring 2p2h using GiIBUU

« GIBUU describes 2p2h in vN interactions by likening 1o
known eN scattering (see previous talk).

« Linkis via simple factors where the only free Qorome’rer IS
the isospin (T) of the initial state. E.g.: wy = (G}ﬁ%jt(?i) R$-2(T + 1)

Phys. Rev. C 94, 035502

2 0.95 0.55 0.15 -0.25 -0.65

1  Expect T=0 [Phys. Rev. C92, 024604

2 0.85 0.45 0.05 -0.35 -0.75

« T=1 gives near perfect
agreement with MiniBooNE

2 0.75 0.35 -0.06 -0.45 -0.85

AT +  But this comes mostly from the
result’s normalisation — sensitive

2 0.65 0.25 -0.15 -0.55 -0.95

G to flux normalisation error

do/(dcose, dT, VN (108 cm?GeV)
o
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Exploring 2p2h using GiIBUU

« GIBUU describes 2p2h in vN interactions by likening 1o
known eN scattering (see previous talk).

« Linkis via simple factors where the only free Qorome’rer IS
the isospin (T) of the initial state. E.g.: wy = (G}ﬁ%jt(?i) R$-2(T + 1)

Phys. Rev. C 94, 035502
' | Itﬂt ' I :: ! ' I ! |
QE ---- ]
2p2h ---- 1
A== T
DIS ==~ |
0.42

 Expect T=0 [Phys. Rev. C92, 024604

« T2K results prefer T=0 but also
susceptible to flux normalisation

0.5

- Presently available data thus do not allow to
determine the neutrino-induced 2p2h processes to better
than within a factor of 2. For this situation to change
the flux would have to be known to significantly better
than 10%. Phys. Rev. C 94, 035502

do/(dcos6,, dT,)iA (10 cm?/GeV)

«  Or maybe we just need more
shape sensitivity to 2p2h ...
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Exploring 2p2h using GIBUU

42 x10%° ___GiBUU 2017
< ] e ' arXiv 1804.09488
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b‘ o 2F H
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SpT (GeV)

« Looking at épy for GIBUU with T=1, the 2p2h confribution
seems too sfrong

Stephen Dolan
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Exploring 2p2h using GIBUU

GIBUU 2017

" arXiv'1804. 092188 |
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. qp X107 ] GiBUU 2017
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Z- I e
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Definite preference for op_ (GeV)

7=0 configuration

« T=0 looks much better! This fime the conclusion is not
sensitive to the flux normalisation

« For *°ar expect T=2 — strong enhancement factor.
MicroBooNE results will be interesting ...

Stephen Dolan
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Overview

e The future of tfransverse measurements
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opive (GeVic)

« T2K correlated-kinematics measurements are already
quite limited by detector resolution

 Significantly finer binning not feasible without improved
detector performance (or excessive regularisation)

Stephen Dolan
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Proposal - CERN-SPSC-P357

ND280 Upgrade (off axis)

- Facilitates 4 acceptance with lower Peak E
reconstruction thresholds = v<

Off Axis ~ 0.6 GeV

Two new high-angle TPCs  New finely segmented
Scintillator detector
(SuperFGD — arXiv1707.01785)

Ready by ~ 2021

Stephen Dolan ECT Modelling Workshop, Trento



Measuring the STV with ND280 upgrade

« More mass, more data, better acceptance: at least 50 times more
events than T2K analysis!

«  With two times finer binning (assuming improved upgrade resolution)
expect a ~5 times reduction in statistical error: ~13%—~3%

39 NEUT 5.4. -39

\T/_\ 0'25 i<1|0| ‘ L : N l\J |5‘ '0 ‘C|C'0Tj _‘:-"-. 24 i(l.]p LA N O B B B |NF|le |5.|4"0| \C|C|0|"|:
% B LFG SuperFGD E % 22 ;—Includes realistic detector smearing —;
= 020 - & 20F E
NE I LFG No 2p2h SuperFGD - C\'lE 18 & 3
S - S LFGNoFSISuperFGD - © 161 B
< 0157 /1 o 14 £ s
S N — — RFG SuperFGD ] 8 12 B =
QD YN 19 - -
o 0104 XL Benhar SFSuperFaD — © 1052 — — —~— E
S , - s S = A 3
pa ‘ -z 8rC E
< o \ —+— Rep.Error 1 <= sk =
6-05 H — = F =
O ¥ K - - -
'8 0_8 / S . '8 rg 4 - =
" T ] 1o 25 Analysis from L. Munteanu—
0_00 N T Y N T SR 0 Coovoc b b v b b e b g 1T
0 200 400 600 800 1000 00 05 10 15 20 25 3.0
op_(MeV/c) Soi-(rads)

« Sensitive to all nuclear effects but can still be hard to disentangle

them all ...
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Multi-differential STV

* Measuring épr in bins of §ar may allow excellent separation of
2p2h and FSI - makes use of high statistics from upgrade.

45 U A B
40 ' — CCQE
35 ~— RES(r prod.

30
25
20
15
10

~ 2p2h,

(Nucleon' cm? MeV™)

do
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IIII|IIII|IIII|IIII|IIII|IIII|IIImIII|IIII|I
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: 1000
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200
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2

g [ < — T T T T
> 40 =
6 ; [0)) — CCQE =
— = 35 i —
LIS 4 o ~ RES(n prod.) J
Tl £ 30 =
T 2 © © 2p2h, =
'C 25 —_
0 o 20 Other 3
o ]
0. 2.5 e . E
Z L] E
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R > E
00— - L =
0 200 zo® 506- 560 1000

Analysis from L. Munteanu
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ldentification of H interactions
v v * v,CCO0m allows a H

con’rrlbu’non

P p/'/®\'\"’ « H has no nuclear effects, so

H C no transverse imbalance
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ldentification of H interactions
W W * v,CCO0m allows a H

con’rrlbu’non
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Analysis from L. Munteanu
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ldentification of H interactions
V v * v,CCO0m allows a H

con’rrlbu’non

=
=

H
;}

H has no nuclear effects, so
NnoO fransverse imbalance

L
O

)

: f-\NEuw.‘t-o'ccoﬂ - -| + Could use STV to extract H
£ lof —— Carbon 4 and make a ~ nuclear-
s |—LHydrogen 4 effect free cross-secftion!
- - Hydrocarbon
47 ~ « Factorise nuclear from
 t S\‘;‘gg?nffhseh%’i“l 791 nucleon physics
gl <« Can also have near perfect
kﬂm < kinematic neutrino energy
% 00 200 300 400 500 reconstruction
Sp (MeV/c)

Analysis from L. Munteanu
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Can you do this in a real detectorl?

* Assume conservative neutron detection capabilities of a
SuperFGD (comparable to what MINERVA have shown)

% 3 | NEUT5.40CCOn  Work in progress —|
2 =F - Carbon -
< 251 -
ar — Hydrocarbon -

I |

2[ : =

. : ~80% H purity and | -

150 ~70% efficiency —

1:_ (Scaled to show same]

: : hape in the tail ) .

0.5(1 I E

| ]

| =

8y ey ey
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500
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80f—
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40__r..IA..l‘A.l‘Ai.‘1.‘l..‘,..\A..iA.TA.f‘A\.ul..‘|..‘r..r..(“!u|HI.‘.J“.r‘.I.A‘|.A‘!..A‘..Al‘..I‘.11‘.r".A‘r.A\..,i..]‘..,‘.\“.l.“i.“r“..“‘

0 10 20 30 40 50 60 70 80

Signal Acceptance (Efficiency)

With ND280 upgrade this
gives enough statfistics for a
double-differential hydrogen
enhanced measurement

« Work in progress — let me know if you are interested!

Analysis from L. Munteanu
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Summary

The single-transverse variables offer a novel probe of
nuclear effects in vN interactions

T2K and MINERVA have measured them!

Sensitive to nuclear models: RFG is disfavoured and results
hint at a need for SF-like SRCs

Sensitive to FSI: GENIE’s elastic component disfavoured.

Sensitive to 2p2h: no need for an empirical enhancement
within NEUT 5.4.0 and sensitive to T in GiBUU model

Future measurements may be able to more accurately
probe 2p2h through combining épr and day

Possibility of using STVs and neutron-tagging to access
hydrogen interactions

Stephen Dolan ECT Modelling Workshop, Trento



Thank you for listening

If you want to find out more:

Phys. Rev. C 94, 015503 (07/16) — Initial suggestion of using the STV
arXiv: 1802.05078 (02/18) — T2K measurement of transverse variables
arXiv: 1804.09488 (04/18) — Analysis of T2K result in GiBUU framework

arXiv: 1805.05486 (05/18) — MINERVA measurement of transverse variables

Stephen Dolan ECT Modelling Workshop, Trento



BACKUPS
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What can be measured

——m—m———m—m—————————————————
; NEUT 5.3.6, 0,,cu (Ev)  FHCy, Flux (arbitrary norm.).
—— CC-Total - T2K: ND off-axis

------ CC-N7+DIS B NOvA: ND off-axis
- CC-RES [ DUNE: Opt. [1512.06148]-
9 =w=we CC-1plh+2p2h [ MINERvA: LE. -

o(E,)/E, (10~38cm?nucleon 'GeV 1)

Interaction Interaction
Modes Topologies
CCQE v — cCon

//@\SCQE-Iike)
n p?

n p?

T " ccomNp
— ~ " — (N>0)

n p?
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Sensitivity to 2p2h and FSI

- 10 %1 0"‘:39 —— Relsullts Ifrolm (I:II’XIIV |18(|)2 (|)5078
- - F T~ 1 T " T T T 3
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) - i i ¢ T2KFitto Data 3
- 8 : 10% L e W/ 2p2h |, %?=30.3 A=
'— S T I T w/o 2p2P|,2xz=91.5 El=
o) [ = b T =2 . 2 xFSI, x°=14.8 =
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g 6 L0 | -3
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— 10740 = Cietteteerseenene st aae ) —:
"E:?’ 3 T * B - L L LT I--------I---- _:
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« Considering 100% variations of the mean-free path
between scattering in the NEUT FSI cascade model

« At least some 2p2h conftribution still required
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ND280 vs Upgrade - exposure

Current ND280 resulis Super FGD potential

« Limited kinematic phase-
space: p, > 250 MeV/c

cos(Hﬂ) > —0.6
450 MeV /c <p,<1GeV/c
cos(Gp) > 0.4

« Barely limited kinematic phase-
space: p, >50MeV/c

300 MeV /c <p,<1GeV/c
No angular restrictions

« ~30% integrated efficiency « ~60% integrated efficiency

| ton fiducial mass 2 ton fiducial mass

e ~6X10%°P.O.T e ~8x10%1P.OT

« Atleast 50 times more events
«  With two times finer binning (assuming improved upgrade resolution) expect
a ~5 times reduction in statistical error: ~13%—~3%
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Kinematic constraints

Need to correct for the detector efficiency (e) when  do  Ngy
we calculate a cross section: dx; @,Te;

Stephen Dolan ECT Modelling Workshop, Trento



Kinematic cons’rram’rs

—— 04 L L L L 025 L rrrrTrTTrTTTTTTT
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cos(6,)

- Need to correct for the detector efficiency (e) when  do  Ngyg
we calculate a cross section: dx; @,Te;

« But how do we know ¢ for a bin of the STV¢ We've integrated over the
particle kinematics!
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Kinematic cons’rrom’rs
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- Need to correct for the detector efficiency (e) when  do  Ngyg
we calculate a cross section: dx; @,Te;

« But how do we know ¢ for a bin of the STV¢ We've integrated over the
particle kinematics!

« Canonly get € by using a model to predict the particle kinematics in
each bin of the STV - model dependent € — result biased to input sim.
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Kinemafic consirainfs
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« Kinematic constraints can give us a flat efficiency in the
underlying kinematics

* |n this case the shape of the input model doesn’t alter the
efficiency - model independent correction!

« Essential that experiments ensure unbiased efficiency
corrections or we won't learn anything!
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Can we trust the resulise
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* Yes! Extensive care was taken to avoid model dependence.

« Above is an example of extracting a cross section from fake data
produced from GENIE using our NEUT reference model as a template.

Stephen Dolan ECT Modelling Workshop, Trento



Can we trust the resulise
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* Yes! Extensive care was taken to avoid model dependence.

« Above is an example of extracting a cross section from fake data
produced from GENIE using our NEUT reference model as a template.
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More

from T2K

arXiv: 1802.05078

Stephen Dolan
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TABLE IX. The full and shape-only y*> comparisons to the §p result with nominal and no regularization. The

table is ordered by the size of the no-regularization shape-only y>. More details of these models can be found in
Sec. IVA.

Full Shape Only

Generator No Reg. Nom. Reg. No Reg. Nom. Reg.
NEUT 5.4.0 (LFGy + 2p2hy) 31.6 30.4 3.38 2.60
NEUT 5.3.2.2 (SF + 2p2hy + 2 x FSI) 15.9 14.8 11.0 10.1
NEUT 5.3.2.2 (SF 4 2p2hy) 319 30.3 16.6 15.5
NuWro 11q (SF 4+ 2p2hy) 22.6 23.1 16.8 15.6
NuWro 11q (LFG 4+ 2p2hy) 81.5 81.7 39.0 15.6
NuWro 11q (LFG + RPA + 2p2hy) 78.5 84.4 399 36.3
NEUT 5.3.2.2 (SF + 2p2hy + No FSI) 114 112 42.9 41.4
GENIE 2.12.4 (RFG + 2p2hg) 92.9 92.4 479 47.7
NuWro 11q (SF w/o 2p2h) 65.8 68.7 554 54.8
NEUT 5.3.2.2 (SF w/o 2p2h) 93.3 91.5 61.2 59.6
GiBUU 2016 (LFG + 2p2h¢) 77.0 78.9 66.1 59.6
NuWro 11q (RFG + 2p2hy) 150 155 67.2 69.0
NuWro 11q (RFG 4 RPA + 2p2hy) 155 172 68.6 70.4
GENIE 2.12.4 (RFG w/o 2p2h) 94.6 97.8 74.1 76.2
GiBUU 2017 T=0 32.5
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TABLE X. The full and shape-only y> comparisons to the 8¢b; result with nominal and no regularization. The table
is ordered by the size of the no-regularization shape-only y2. More details of these models can be found in Sec. IV A.

Full Shape Only

Generator No Reg. Nom. Reg. No Reg. Nom. Reg.
NEUT 5.4.0 (LFGy + 2p2hy) 39.0 36.7 7.55 6.40
NEUT 5.3.2.2 (SF + 2p2hy + 2 x FSI) 9.95 8.70 71.71 6.57
NEUT 5.3.2.2 (SF 4 2p2hy) 18.4 17.0 9.59 8.45
NuWro 11q (SF + 2p2hy) 14.4 13,5 10.8 9.70
NuWro 11q (LFG 4 2p2hy) 66.8 65.9 29.7.0 29.0
NEUT 5.3.2.2 (SF + 2p2hy + No FSI) 81.5 81.4 30.5 30.1
NuWro 11q (LFG + RPA + 2p2hy) 76.3 77.3 321 313
NuWro 11q (RFG + RPA + 2p2hy) 84.7 83.5 40.1 394
NuWro 11q (SF w/o 2p2h) 47.5 48.9 42.1 42.3
NuWro 11q (RFG + 2p2hy) 79.3 78.8 42.6 42.0
NEUT 5.3.2.2 (SF w/o 2p2h) 60.6 61.0 43.7 43.8
GiBUU 2016 (LFG + 2p2h) 434 44.1 45.6 46.2
GENIE 2.12.4 (RFG + 2p2hy) 208 211 114 115
GENIE 2.12.4 (RFG w/o 2p2h) 192 193 128 128
GiBUU 2017 T=0 12.6
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TABLE XI. The full and shape-only y?> comparisons to the da; result with nominal and no regularization. The
table is ordered by the size of the no-regularization shape-only y>. More details of these models can be found in
Sec. IVA.

Full Shape only

Generator No reg. Nom. reg. No reg. Nom. reg.
NEUT 5.3.2.2 (SF + 2p2hy + 2 x FSI) 17.7 15.8 16.3 14.2
NuWro 11q (SF + 2p2hy) 19.3 18.0 18.6 16.6
NEUT 5.3.2.2 (SF + 2p2hy) 24.8 23.0 18.8 16.8
NuWro 11q (LFG + 2p2hy) 29.6 27.5 19.0 16.9
NuWro 11q (RFG + 2p2hy) 31.6 29.7 20.7 18.7
NEUT 5.3.2.2 (SF w/o 2p2h) 21.0 19.5 21.7 19.6
NEUT 5.4.0 (LFGy + 2p2hy) 63.0 60.7 22.8 20.8
NuWro 11q (SF w/o 2p2h) 20.0 18.9 234 214
NEUT 5.3.2.2 (SF + 2p2h), + No FSI) 49.9 48.2 28.3 26.3
NuWro 11q (LFG + RPA + 2p2hy) 449 43.6 28.6 26.3
GiBUU 2016 (LFG + 2p2hg) 41.3 40.2 35.5 33.7
NuWro 11q (RFG + RPA 4 2p2hy) 58.2 57.5 38.1 35.8
GENIE 2.12.4 (RFG + 2p2h;) 88.5 90.2 40.1 39.6
GENIE 2.12.4 (RFG w/o 2p2h) 38.6 72.0 62.6 64.1
GiBUU 2017 T=0 17.9
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Muon Momentum

P, =0.5GeV
o, =0927

02 04 06 08

Regardless of what observable is
being manipulated, as you increase
the momentum of the neutrino, the

rivers become more linear and
quickly enter the grasslands region.

Proton Azimuthal Angle

® O=0524
: o, =1.571
®,' =2.618

General Remarks
and

Conclusions

The data represented by the black
squares are the same for each plot.
The grey box represents the
mountains and foothills regions.
The parameters that are fixed are
listed in the corner of each plot.

Analyzing the Nuclear Recoil System in

Neutrino-Nucleus Reactions

T.W. Donnelly', K. Mahn?, J. Morrison?, J.W. Van Orden?

More work will need to be done in
order to better understand the
nuclear physics of the grasslands
region and how the neutrino-
nucleus cross section is distributed
across these interactions.

In order for experiments to probe
the phase space covered by the
valence mountains, sensitivies will
likely need to be pushed lower.
More studies will need to be
performed to find how low the
sensitivies must be.

Proton Momentum

Even for low neutrino momentum,
most of the rivers that have been
calculated lie above the valence
mountain region, where the bulk of
the neutrino-nucleus cross section
lives.

Proton Polar Angle

® O =0644
: 8, =0.927
8,'=1.159

K'= 0.3 GeV
©,=0.451
P*= 0.5 GeV
=157
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MINERVA Efficiency / smearing
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Overall efficiency: ~ 9%

_ : : Peak region (see later slides)
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