The state of
neutrino
Cross-sections

»Why do we want to do cross-section
measurements?

»What is the current state of cross-section
measurements?

»What we'd like to do
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WA ]Q/V/IC K S. Boyd, CERN vStorm Discussion, 15/11/12



Why should we care

about x-sections?
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» Recent large 6_, result opens up
possibility of
~Mass heirarchy measurement
~ CP violation measurement
» Experiments will be looking

forv <v andv <v
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oscillations. .
» Need to understand V.V,

cross sections as asymmetry is
small for large 6,

» Some geometries require%-level
precision on low energy ¢
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Example: T2K
Systematic Errors

Systematic errors for T2K 613 measurement

Error on Far/Near Flux ratio

. &
Source sin?2013 =0  sin? 203 = 0.1 Absolute errors ~ 15%

(1) neutrino flux + 8.5% + 8.5 < ———

(2) near detector tadog Sy ¢

(3) near det. statistics + 2. 7% +: Z 0% O (Ve>/0 (VM ) ~0%
(4) cross section + 14.0% + 10.5% FSI+

(5) far detector + 14.7% + 9.4% Initial State ~ 6%
Total ING /NG B

NB — These are errors based on an
analysis of ratios so absolute cross section errors

partially cancel

Phys. Rev. Lett 107, 041801



Example:
MiniBooNE CCQE

. 0.25
= - ——— Detector error
=
I Flux error
2 S [— Backeround error —— ,
= i -~ Unfolding error SOUTCE normalization error (%]
; 0.15 neutrino flux prediction 8.66
g E background cross sections 4.32
i-.- 0.1- detector model 4.60
- E’L : kinematic unfolding procedure (L0
0.05[ L statistics (.26
e S J— total 10.7
PaL Ty MO 1.,
B i i PO s W o 0 S R AR
H.4 06 08 1 12 14 16 18 2
EP=RC (GeV)
» Fractional shape error for » Total normalisation
MiniBooNE CCQE analysis uncertainty

A. A. Aguilar-Arevalo et al. [MiniBooNE Collaboration],, Phys. Rev. D81, 092005
(2010)



Cross-sections — the
state of play
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Which cross sections
do we care about?

>2" oscillation maxima | BNE
~ T2K___LBNO o
e | 0,(E)
» All of them —region ¢4
of interestisaround ,° Y
0.1-10 GeV £ [
» Measurements w08
looking at 2nd 50.6 ‘
oscillation maximum En.a.:—
will wanttogodown g
in energy as well g”'
= 10"

E, (GeV)




Case Study : QE
scattering

As excellent example of why we shouldn't assume v cross sections are
well in hand

with the Functions A, B and C parametrised in terms of the vector and
axial-vector form factors

Couplings set by behaviour of currents

. atQ?=0(CVCand PCAQ)

F (Q2)= gav .
AV Qz 2 Vector and Axial vector masses must
1+—= 4)/ be measured
MA,V

M, measured in electron scattering
NB This is an ansatz.... M, measured in neutrino scattering



Why is this channel
important?

» neutrino energy reconstructed
using final state lepton or
calorimetry and fits for
oscillation parameters.

» CCQE is quasi-2-body. E can

be estimated just from
lepton kinematics.

» Sometimes considered to be
a “Standard Candle” and used
to normalise other processes.



CCQE Definition
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.- e MiniBooNE data with fotal error

—s— NOMAD data with fotal error
——— L5ND data with total error

~emem---  RFG model with M:1=1.03 GV, k=1.000
_ RFG model with M""=1 35 GeV, k=1.007
........... - Free nucleon with M, =1.03 GeV

e
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Theoretical definition
Experimental definition :

T 10 E°5RS (Gev)
: one muon and one proton in FS

one muon and no pions (miniBooNE)
one muon, one proton, no pion (NOMAD)
one muon, no pions and no vertex activity

other signals based on topology visible in
detector

Experiments measure QE-like, not QE



CCQE — What we
like to think it is

| newtring | Aol




CCQE — What we like
to think it is*

Relativisic. nal sate,
Cascade Model
Fermi Gas s el
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* if Feeling a bit clever



CCQE - What is seems
to involve now &

Cascade Models
In-medium effects

400
|p| (MeV fe)

Spectral Functions



How big are these
nuclear effects?
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Martini et al, PRC 81, Models good up to ~ 1.5 GeV

045502 (2010) No prediction of nucleon kinematics



Another problem

Reconstructed E_ True E

. g _..-""\\‘- ] all true-QE § . .
s 50N meene] ,\ | » Impacts E determination
% \5__ A > important for oscillation
{1\5—57'“1 . _ III.-'\K\'; __ reconstructed E, ] StUdieS
sesH i o 1/ S0t | P Effects could be different
- ﬂ.ﬂ'g - JIII_'lig:her re;c:-nan::es +|;};S'__--f |'..ll-;-=x\1:"-’f=ﬂ~~‘~ -E___:?E-!t;w ] between V and V
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» QE scattering is still not understood — we could be missing
a sizeable (and energy dependent) part of the cross section
» more measurements are needed
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Single pion
production

Resonant pion production
dominates o at a few GeV 0

e
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TOTAL Decays can also be
e to multi-pion states,
other resonance,
photons,...
107
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Single pion
production

» Significant background to
CCQE(like) channel

il Error Bands
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Effect of Final State
Interactions
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Single pion
production

B State of the art calculations describe better the data without FSI
H'PN SETN
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But....but....we know FSI effects should be there....???
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Boyd et al., AIP Conf. Proc. 1189

¢ Current models differ at the
free nucleon level.
¢ Non-resonant effects
¢ N-resonance transition form
factors
¢ Delta in-medium corrections

¢ Not much point trying to get
FSI| model right using single
pion data, if the input model is
wrong.

¢ Current generators use Rein-
Seghal model. This is incorrect
at low energies.



Oyt (1077% cm™)

Single pion
production

ANL ——

0.5 1 15
E, (GeV)

2

» Best measurement of
initial c comes from ANL
&BNL (D)

» These differ by 20%.
» Theoretical models differ
in how they treat this
® Average?
® Choose one?

“New 1t production measurements on H or D would help a lot”

Significant work needed on this channel



Antineutrino Cross-
sections

CCQE-like,MiniBooNE,
Nulnt 2012
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v, Cross-section

There is very little v_data available, not least because we
try to minimise the number of v_in accelerator beams.

Messurement { 102 cm )

Theory {102 cm?)
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Differences
between v, and v,

» QE Scattering dominates at second
oscillation maximum

» Kinematic differences from u/e
mass threshold

» Radiative corrections

» Second class currents and form
factor differences

» Relative weight of nuclear response

can change as lepton tensor

changes — nuclear effects are

different for neutrino and antineutrino
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a1
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0.004
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What do we need to
clean this up?

» Detectors capable of excellent PID and imaging of
the interaction vertex

» Mutiple target measurements — especially on H or
D

» Much better precision : either a better beam or a

precisely known standard candle process to
normalise against

There are no standard candles at a few GeV....

poss. exception : neutrino-electron NC scattering



Event composition
v_ina 3.8 GeV u" beam

+
total CC W beam
2500 |
| — - Channel  #Events
4 2000 | * 54% resonant Anti Vu NC 845,000
§ - ?ﬁﬁ.@ v_NC 1,388,000
L
L 1500 | . Antiv CC 2.146.000
Eu Q ve CC 3,960,000
1000 |
For 1E21 POT / 100 Tons of
500 | Paf C?@50m
i : | 'I\LL
GD 0.5 1 1.5 2 28 3 35 4
true E_ (GeV)




Summary

» o in few-GeV range are not nearly as well known as at
high or low energies.

» These cross sections embody one of the largest
systematic errors for oscillation experiments.

» We have no realistic standard candle in this energy
regime. Old data is proving difficult to interpret.

» A vStorm Facility is the only one capable of making
v, and v_cross section measurements with the precision

needed for CP violation measurements



vStorm Facility

Should think of this as a facility for multiple experiments, rather
than an experiment itself. What would we want a detector to do?

¢ Photon thresholds down to 50 MeV or less

¢ Proton KE threshold down to 20 MeV

¢ Charged particle tracking in magnetic field

¢ Full topology reconstruction

¢ Neutrino energy reconstruction

¢ Electron / Proton / Mip identification

¢ Multiple target materials : Al, C, Pb, Fe, Ar, ?
¢ Low-Z targets : D, H ?

¢ Other requirements...

1)Liquid Argon TPC
2)Active tracking detector
3)Low-Z detector

A single detector cannot meet
all these criteria.



High Energy

There are even issues that still haven't been resolved

at high energy in the dee

D inelastic regime

17

*EMC
* NMC
“E139
" E665

T m./ /

_EMC EffH‘t

»F changes as a function

of A. However, this has
only been measured in
u/e-A

» Presence of axial-vector
current can change the
dependence.

» Very slight indication that

this is the case from

[}

scd IZI'IIIIF

X

0.1 1 CTEQ.

valence quark



Current tracker|

¢ HighRes — Mishra/Petti Nuclear target region

Zikbam
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E=04T.
Density = 0.1 g/em3, 85% in the radiator foils.

Transition Radiation  #» Electron ID = v (w. Kinematics)

dE/dx = Prolon, m, K ID
Magnet/Muon Detector =» |

Straw tube idea does not yet convince me
Would like to see performance numbers...




Low Z detector?

¢ Lot's of work to get data on high Z targets : C, Brass, Pb, Fe etc
« But theorists are pleading for precise, low Z data

MuCap 10 bar H gas TPC run @ PSI

Modern version of bubble Pressurised gaseous H TPC?
chamber?



Cross=5ection Studies @ |I'I!‘IP'EI"|H|

Determining what kind of cross-section measurements can be made in the NuSTORM
beam with different detectors.

E, Ge

range.

Event Mode Analysis
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QE and Single Pion as important as DI5 at the NuSTORM energy
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Final State Ana
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Hadron/electron/mucn separation.

Interaction Channel Listing

Counting interaction channels and their frequency.

channel id | particles count {7 of &) |
1 ut + n 11.6
2 ut + p 0.515
3 et 4+ n 4 = 7.8

Event Classification

s | 1 35 Gevic | p- [O31301 GeVic | xy

-

&£, mmi

Iﬁ_|llll|.llll

=0 10K

Monday, 12 Nowembar 12

Characterisation studies starting at Imperial — Ed Santos




CCQE Cross sectio
implemen

do"" _M’Gicos’0 (s—u)B(Q")  (s=u)’C(0%)
dQ’ S E: M’ M*

“14(0°)F

with the functions A, B and C defined in terms of the vector and
axial-vector form factors

/ Couplings set by behaviour of currents
v at Q°=0 (CVC and PCAC)

2 2
1+ £22 Vector and Axial vector masses must
MA,V be measured

M, measured in electron scattering
M, measured in neutrino scattering

FA,V(Qz):

NB This is an ansatz....



Another measuremen

m Are T2K, MINER/A, ArgoNeut, ... measuring (or going to measure) M,?

m My answer. A priory not
B Unless kinematics, cuts, etc suppress 2p2h contribution
B Perhaps 2-track analyses help...

L. Alvarez-Ruso, IFIC Nulnt12

Plea from theorists for low-Z scattering data — preferably Hydrogen

m My answer: MINER2A with a H target « YES
MINER~A with a D target « yes
“Even in a dilute system like deuterium MEC are important” Schiavila@Nulnti2

L. Alvarez-Ruso, IFIC Nulnt12



(10~% em2/ ncl.)

b

ﬁl:vh n—upxt )

Multi-pion
production

Contains contributions from resonant single-pion, DIS
and the transition region (Res — DIS)

2

d
L

AL, PRD 28, 2714 1983, I:ilE
& BHL, PRD 34, 2684 (1984, I:il_l
HLUAAMEE [resonant=+D15)

275 78 10 12 14 16 18
E, (GeV)

» Only existing data
from ANL/BNLD,

bubble chambers



Differences

between v, and v,

¢ Kinematic differences from u/e mass threshold

¢ Radiative corrections which haven't been calculated

¢ Second class currents and form factor differences — usually ignored
but are proportional to lepton mass

¢ Relative weight of nuclear response can change as lepton tensor

changes

(spectral function/Fermi Gas)

ool e
il — {vdfv
E 00 == .
H —-— double ratio lAFG
1.2 | :-"'Hﬁ
K—1 o
i
?:.
b T | B
- h
[ N
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S. Zeller — nuStorm workshop
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Day-McFarland: Phys.Rev. D86 (2012) 053003



v flux / GeV I/ m,

1

: 2

s
=
=]

0.5 1 1.5 2 25 3 35
E. (GeV)
3.8 GeV u* stored, 150m straight, flux at 100m
(thanks to Sam Zeller and Chris Tunnell!)

¢ Precisely known neutrino energy spectrum

° 0(¢(E)) ~ 1%

¢ Note : Won't help with the energy reconstruction issues — but will
if combined with the right target and detector.



ToM ornottoM
A A

g4y

FA(qz):

» Nuclear environment
is important below 2 GeV

2 2
M3 =0.71 GeV » Many measurements use

World Average  1.03 +0.03 nuclear effects

K2K (O) 1.20+£0.12 » Why assume a dipole? s
K2K (C) 114+ 0.21 that even right
MiniBooNE (C) 1.35+0.17 (Answer : no, it's probably
NOMAD (C) 1.05 + 0.06 not)

MINOS (Fe) 1.19 £ 0.17
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