Neutrino interactions

Tran Van Ngoc

Kyoto University, Japan

VSONSICISE, 23 July 2024



Disclaimers

* To prepare for this lecture, | have borrowed from many sources: books, papers,
lectures, internet, ... | can not cite them all here.

* Time is limitted, content is unlimitted ! | can not conver all things and go into
detail with all contents. If your questions can not be answered in the lecture,
discuss later in break or refer to references for more information.

* If you see some complicated formulae and don’t even know any thing about

them. Don’t worry, me too !!! @
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1. A brief history and properties of neutrinos

Gamma ray spectrum
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* Alpha and gamma decay spectra are discrete |+ Beta continuous spectrum: energy is
* Two particles detected in the beta decay not conserved or what else?

Xé — YA_1 + e

* |n 1930, Pauli proposed an extremely
light, neutral particle: neutrino (V)

— 2
Ke_(mX_mY_me)C X§—>YA1+€_+176

» Beta spectrum was expected to be K, = (my — my — me)c2 ~- K,
discrete as alpha and gamma spectra )

. But it was not e Beta energy now can have any value

between 0 and maximum



Tips for doing physics and math

I+1+1=3
Add a hypothetical "dark

number" to account for
inaccuracy.

Now you're doing math
like a physicist!




1. A brief history and properties of neutrinos
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O Neutral: no electromagnetic interaction
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—

'
w
—

10° 107 1 102 10* 10° 10° 10 10? 10" 10" 10%
Neutrino Energy (eV)

o Only participate in weak interaction

* Neutrinos are detectable but they Extremely small cross section

iInteracts extremmely weak with matter 0, ~ 1072 m? = 107> m?



1. A brief history and properties of neutrinos

* An example to see how weak neutrino-matter interaction is

o Neutrino mean free path: 1.67 x 10~*"kg

1000kg/m3 X 10—+'m?

=1.7%x 10"m

o _
Ly o=

e 71 1S mass of nucleon
- 1.67x107"kg
 11400kg/m3 x 10-47m?2

e p is material density ° Lp, = 1.5x 10'°m

e 0 IS neutrino cross section .
1 light year ~ 9.5 x 10"°m

° my, ~ m, ~ 1.67X 107%"kg

 Need a block of lead with 1-light-year

10472 .
° o~ 107" m"at1 MeV length to stop neutrinos!!!!

© py.o = 1000kg/m”,
pp, = 11400kg/m?

* Itis areal challenge to study neutrino
interactions (to measure cross sections)
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2. Cross section

» Consider a beam of particles a with flux ¢, pass through a volume V = AvAt¢

of particle b:
« v=v_ +v, (v, V,: velocities of a and b)
« N, = n_V:total number of incident particles in volume V

» N, = n,V: total number of target particles in volume V
¢ N flux of particl :
. P, = = n,v: flux of particle a | ————————
“ AAt ! [time] . [area?)

« N = ¢ N,o: #interactions = flux x number of target particles x cross section

 Cross section is a measure of the probability of an interaction to be occured

(V,+ Vp)Ot

A

\/




2. Cross section

1
Consider a scattering:a+b — 1 + 2 /
a : > € L b
Cross section is related to the transition rate:
Fﬁ Fﬁ
O = e —— 2

- ¢aN b - nanb(va T Vb)V

Normalising the wavefunctions to one particle per unit volume n, = n, = 1/V
[V
fi

Va‘l‘Vb

O —

Because the factors of V in the expression for the flux will ultimately be
cancelled by the corresponding factors from the wavefunction normalisation

and phase space (~ 1/V), the volltime V will not appear in the final result
Ji

o
Va_l_vb



2. Cross section

 In terms of matrix element Mﬁ-

(27)* d&’p;  d°p;

o = J | M; \20(El- — Ef)03(ﬁ — ﬁ})
4\/ (Py - Pp)> — mamy;
« My =+/2E, 2FE,2F .2E,T;, Tj : transition matrix element
* Lorentz-invariant flux factor
F=4(v,+v)E L, = 4\/ (p,-Pp)" — mzm;

* |In center-of-mass (COM) frame:

21)32E, 2n)32E,

Py
647%sp.

Ocom = J'\Mﬁ\zdﬂ

« D; =D, = — Ppand p; = p; = — p, (in COM frame)

e s = (L, + Eb)2 (in COM frame)

e d€2 = d(cosO)dg (0: polar or zenith angle; ¢: azimuthal angle)



2. Cross section

» Differential cross section for solid angle distribution

do
dQ2
do P
InCOM: —<oM 7 [\Mﬁ\z
dq2 647%sp;

do do do do

, Differential cross section: ——, —, ——

dE dp dQ? d(cos0)

| | | d’c d’c
Double differential cross section:

: dEAQ " d(cos 0)d(Q?)
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3. Neutrino interactions
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Basically there are 2 types of interactions:

« Charge current (CC) by exchange W=
bosons

. Neutral current (NC) by exchange Z
boson
I Vi

14 A

. aw + , 1

Jjco %W/Mg(l —7°)¢,
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92975 (9v — gAY
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3.1 Neutrino - electron interactions

O
v,+e —v,+e
v,t+e —-v,+e

O
v,+e” > U, +u” (E, > 10.92 GeV) Did you calculate this value

as Sanjib’s request?
v.+e —v,+17  (E,> 3089 GeV) j .

o Consider process: v + A — 2 X

X
O
A at rest, neglecting neutrino mass, in center of mass frame, s = 2E m, + mj must greater than
2 m,=0.511 MeV
ZX My m ‘
E™ = — m, = 105.66 MeV
ZWLA 2

m.= 1776.9 MeV



3.1 Neutrino - electron interactions

Uﬂaf_l_ € — I/M,T_I_ €

Uv,,te -1, +e

Only neutral currents




3.1 Neutrino - electron interactions

O Neutrino - electron elastic scattering

TABLE 5.1. Total neutrino—electron elastic scattering cross-sections for 1/s > me.

The numerical values are in units of 10~4° cm?.

Process Total cross-section

Ve + €~ (G% s/4 7r) [(1 + 2 sin” ﬂw)z + % sin’ ﬁw] ~ 93 s/MeV2
Ve + €~ (G% s/4 7r) [% (1 + 2 sin? ?9w)2 + 4 sin® ﬂw] ~ 39 s/MeV2
Vyr+e (G% s/4 7r) [(1 — 2 sin? 19w)2 + % sin® ﬂw] ~ 15 s/MeV2

V,r+e (G% s/4 7r) [% (1 — 2 sin? ﬁw)z + 4 sin® ﬂw] ~ 13 s/MeV?

* G =1.17 x 107 GeV? : Fermi constant
* s = (E,+ E,)? = m> + 2m,E  : Mandelstam variable
* sin“ @y, = 0.2324 = 0.0058 £ 0.0059 (1994)



3.1 Neutrino - electron interactions

O Neutrino - electron elastic scattering

O Differential cross section

do  Gj Q° 2 Q°
) 2
= — + 1 — — m
dQ= = e 2D, D, H1o2T 2(pupe)?

1
o 81(1,) = g(D,) = Y + sin” Oy, ~ 0.73

* 2, =g, = sin? Oy ~ 0.23

1
e $1(W,) =&, ) =— 5 + sin“ Oy, ~ — 0.27

* &, =& ([@,,) =sin" 6y ~ 0.23



3.1 Neutrino - electron interactions

O Neutrino - electron quasi-elastic scattering
v,te =V, +pu £ >1092GeV

Vi

O Total cross section

G#s m,f
O =— — —
JU \)
— 2 ¢
S = (py +pe)



3.2 Neutrino - nucleon interactions

O Neutrino interactions at 0-1 MeV

MINOS+

2k Atmospheric

NOvVA
Hyper-K

* Inverse beta decay

O Neutrino interactions at 0.1-20
GeV energy:

* Quasi-elastic scattering (QE):
« Resonant meson production
(RES):
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Neutrino Energy (eV) (COH)

 Deep inelastic scattering (DIS):

O Neutrino interactions at high and
ultra-high energy (> 20 GeV):

Important for reactor & accelerator neutrino oscillation ° Deep inelastic scattering (DIS):

LBNO
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INO/ICAL
Hyper-K
LAGUNA

107
5 energy:
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3.2 Neutrino - nucleon interactions
.+ Gr=1.17%107 GeV?

© _ * Q: momentum transfer
» Coherent scattering (COH): . R nuclear radius
v+ A=y + A (QR << 1) » T recoil kinetic energy
2
dU Gp Q M, (1 — MA )F(Q2)2 » M,: target mass
W TA .
dT dr » E : neutrino energy
* Neutrino capture on radloatlve nuclei: . F(Q?): nucleon form factor
Z — Z 1
v, + Ay~ e” + AT » (O weak current term

do GF‘ d‘ F(Zf’ e)
dcos@ 27p,
* b., P, electron, neutrino velocities

E,p.f3(0) ((1 + 4,5, cos 60) + 32%(1 — %ﬁeﬁy cos e>)

s Py COS 0: electron energy, momentum, scattering angle
* 1’ axial-to-vector coupling ratio, f‘z,(O): coupling strength
* |V, \ Cabbibo angle

. F(Zf, E.): Fermi function Not experimentally measured yet



3.2 Neutrino - nucleon interactions

O Neutrino interactions at 1-100MeV energy:
* Inverse beta decay:

U,+p—>e +n

o Scattering process used in Reines & Cowan experiment to confirm the existence
of neutrino

Photomultiplier

2 A 0.5 MeV promt signals of gamma rays

@ ® Delayed coincident
detection of ¥ from ""(Cd 4+ —
Port from © ) v:nth pair ofh?; s'from € + € — }/ + }/
nuclear ~W\\~= ¢ — ¢ anniniiation.
reactor % % @ O
Neutrino undf\"’ O g Delayed gamma signal after Sus
flux
10" /em®™ s /1/ | n _|_ 108Cd SN 109Cd>1< N 1O9Cd _I_ }/
Water target with

scintillator plus

CdCl,



3.2 Neutrino - nucleon interactions -

/ \ g - \ H
. . : _ / delayed ' . «‘
O Neutrino interactions at 1-100MeV energy: ; o el N
* Inverse beta decay: ,,~Q~\3(),u ,
e @ *; srompt Teliea ¥ (22MeV)
U ' ~few ns Loy
I/e+p_)€ +n C Y A8M€V

v (511 keV) < - - - @ - - - > 7 (511 keV)

6-+-

do G%\ V \2Eep

_ e (2 2l _ L
—— = - (fV(O)(l +,c050) + 3(0)(1 =, cos 9))

. fV: nuclear vector (Fermi transition), f,: axial-vector (Gamov-Teller transition)

» Important for detecting reactor neutrino experiments (1.806 < £, < 10 MeV)

* |mportant for understanding supernova explosion mechanism
(10 < E, £ 20 MeV)



3.2 Neutrino - nucleon interactions

O

Charge current: W exchange Neutral current: Z" exchange

Quasi-elastic scattering Elastic scattering
(target change but not break up): (target change but not break up):
« CCQE:v;+n—=1"+p « NC:v;+ N -y + N’
Resonant meson production Resonant meson production
(target is exited): (target is exited):
« CCRES: » NCRES:
vi+N— [+ A232) - [ - vi+N—-uv+A(1232) 5 y+ N +m

Coherent pion production Coherent pion production
(target unchange): (target unchange):

° CCCOHI/Z—|—A—)Z_-|—A+7Z' o NCCOH:I/I+A—)I/Z+A+7TO

Deep inelastic scattering Deep inelastic scattering
(nucleon broken): (nucleon broken):

« CCDIS:y;+ N> [+ X » NCDIS: 1, + N =y + X

Where [T ={e ", u",77}; N={p,n};m={n,n, K}, A : nucleus; X : hadrons



3.2 Neutrino - nucleon interactions

O

Charge current: W™~ exchange Neutral current: Z" exchange

Quasi-elastic scattering Elastic scattering
(target change but not break up): (target change but not break up):
« CCQE:;+p = [T +n « NC:;+N—->7,+ N
Resonant meson production Resonant meson production
(target is exited): (target is exited):
« CCRES: * NCRES:
U,+N—-> [T+ A(1232) > [T+ N +m U,+N—->10,+A1232) > 0,+ N +m

Coherent pion production Coherent pion production
(target unchange): (target unchange):

° CCCOH171—|—A—)Z -|—A_|-7Z'_ o NCCOH171+A—>17[+A+7TO

Deep inelastic scattering Deep inelastic scattering
(nucleon broken): (nucleon broken):

« CCDIS:7;+ N —>[T+X » NCDIS: )+ N >+ &

Where [T ={e ", u",77}; N={p,n};m={n,n, K}, A : nucleus; X : hadrons



3.2 Neutrino - nucleon interactions =,

o Neutrino interactions at 0.1-20GeV energy: 3.4
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3.2 Neutrino - nucleon interactions

o
* Quasi-elastic scattering (QE): scattering variables

« CCQE:y;+n—1["+p UWE ., D)

L? U
#
 Mandelstam variables in lab frame (4-momentum):

s=(p,+p)" =W +p,) =@, +p) P +P,) + Inelasticity:
t=(p,—p)* =, —p) =@, —-p)p,—py) y=2Lr1
u=(p,—p,)" = —p) =D, — )P =Py Pr-Py
s+t+u=m;+m;+mi+m,

 Hadronic invariant mass:
e In detail: W =\/E; —px
s = my + 2myE,
t=q*=—Q° = ml2 — 2L (E; — p,cos 0)
u = my —2myE, + 2E (E, — p;cos 0)

e 4-momentum transferred:



3.2 Neutrino - nucleon interactions

O Neutrino interactions at 0.1-20GeV energy: I(E ? )
» Quasi-elastic scattering (QE): (Llewellyn-Smith, 1972) b1

. CCQE: v, +n— 1" +p uW(E, D)
* Neutrino reconstructed energy (H\VV: derive it) \ """""
P m]f — m[2 — (mn _ Eb)2 T 2(Wln - Eb)El p(L,, ?p)
’ 2[(m, — E,) — E, + p,cos 0]

p;, 5, 0 : out-going lepton momentum, energy, scattered angle

E, =27 MeV : neutron binding energy in Oxygen

m m, : proton, neutron, lepton masses

2k 71°

2m E, — m;

. Remove E, (free neutron) and consider m, ~ m,: E, = —————————
2(mn — El + P; COS 9)



3.2 Neutrino - nucleon interactions

O Neutrino interactions at 0.1-20GeV energy:
» Quasi-elastic scattering (QE): (LIewellyn-Smith, 1972) ° (-) +: (anti-) neutrino scattering

* G Fermi constant
) 2 >
do _ Gpmy| V| lA + (s — M)B n (s — u) C] * 0°: squared 4-momentum

dQ?  8a(P,.py)? my; my, transfered (Q% = — g > 0)
* my: nucleon mass

o (mf + Q%)

P [(1 + ﬂ)Fi — (1 — 77)F12 + n(1l — r/)F22 + 4yF,F, * my. lepton mass
. * E : neutrino energy
i Fi + Fy)* + (Fy + 2Fp)° Q2'4 F3 '(S—I/t)_4mE_Q2_m2
4m]%7 ( 1 + 2) + ( A + P) o m]%] | p — NL, ]
° Fl,Fz, FA, FP: Dirac, Pauli,

0> Lo, , axial-vector, and preudoscalar
B =—F,(F +F, C =+ Fi+nky) form factors

"N 2142
* n = Q/dmy




3.2 Neutrino - nucleon interactions

O
* Quasi-elastic scattering (QE): (LIewellyn-Smith, 1972)
, Axial-vector form factor F A(Qz) = g—A2
(1+Q2M3)
* Axial mass M, = 1.026 = 0.021 GeV 8a = F4(0) = 1.2694 = 0.0028
e Dirac form factor F{(Q?) = Ff(Qz) + F(Q7) F7(0) =1, F'(0) =0,
rPo)y=H _ 1. Fr0)=Em,
e Pauli form factor FZ(QZ) = Fé’(Qz) + Fg(Qz) 2 (0) [N 2 (0) BN
* Nuclear magneton uy = eh/2m,
* Forv, v, Vs 17,“ scattering, the term related to A * Proton magnetic moment i,

can be neglected. In this case, cross sections do e Neutron magnetic moment u"
not depend on the preudoscalar form factor Fp



3.2 Neutrino -

O Neutrino interactions

nucleon interactions

at 0.1-20GeV energy:

* Quasi-elastic scattering (QE): measurement

PDG2023

S 1.6
D
O 14
£ 1.2
? 1
(=
~ 0.8
wi
~ 0.6
O
O
© 04
0.2

o
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3.2 Neutrino - nucleon interactions

O Neutrino interactions at 0.1-20GeV energy:

“, and different

» NC elastic scattering: Similar to formulae of CCQE but without |V ,
form factors

do _ G%m]%, A (s — u)B (s — u)?
dQ> ~ 8a(P,.py)?

> 1 C] (-)+ for (anti-)neutrino scattering
My My

1 1 T 1 1 S )2
F\(Q?) = (l—smzew) [T3( et ”’”’))] —sin2«9w[ 0L+ gy + ) ] Fi(0%)

2 (1 +n)(1 + Q?*/M3) (1 +n)(1 + Q?/Mp)? 2
— + S )2
F(Q%) = (% — sin? ew) S S sin? gy —— F2(2Q |
(1+;7)(1+Q—2> <1+n>(1+Q—i) s
y v Fy(QY) = — A3 (R

* 73, =+ 1 (—1) for proton (neutron) scattering A ~ 2\ )
e F IS,Z(QZ): strange vector form factors N 2\ 1+ Y2
® Strange axial-vector form factor F3(0%) =

: : : 2
(As: stragne quark contribution to nucleon spin) (1+Q%/M3)



3.2 Neutrino - nucleon interactions

O Neutrino interactions at 0.1-20GeV energy:

 Resonant meson production (CC17 dominates at low energy)

do(vN — IN)
dk2dWdQ,

Cr_( ;\2,\1(9 ‘P)

CL+( /\2}\1 (9 (,b)

Gt 1 |q] —K

2 (2mr)4

4 (kL)Z

S

A2//\1

,\2;\1(9 ‘P)) + Cr_ ( Ao A1 (0, 4’)

Goa, (6,9))

CR+( /\2)\1 (9 (lb)

* For anti-neutrino, swap C; and Cp_

vV, P =V, nT,
VM =V, NT,

Azf\l (6,9)) +
Gy, (6,9))

0

+
0

I/u’fl—> I/u’n,ﬂ'

I/“’I'L—) vpnm

0

0

0

arXiv:1711.02403v3

C—(Fy,0, (60, 9) —

C+(Fyir, (6,9) —

Gy, (6,9))
Gyia, (6,9))




3.2 Neutrino - nucleon interactions

O Neutrino interactions at 0.1-20GeV energy:
« Resonant meson production (CC17 dominates at low energy)

* Main backgrounds of nucleon
decay search: same produced
particles

gamma

Positron nO
0 — — 0 -
V,p =V, pT, Vyp—V,pT ’(

Proton
+ = — 0 .
V,p S V,nT, TU,n—U,NT \
0 0

gamma

vV,n — vV, pmT vyn —>V,pm p—>e++7z0



3.2 Neutrino - nucleon interactions

O Neutrino interactions at 0.1-20GeV energy:
« Resonant meson production (CC17 dominates at low energy)

« Main backgrounds of CCOx at T2K: 7
can mimic /e signals
T > ut v

- A BR = 0.999877
T —> U +U

O e
VD = vup°,  Tup—v,pml | [F 2 BR = 0.98823

+ - 0
v, p—>v,nmt, V,N—>VU,NT

0 0 | ;£ can be absorbed into the nucleus:

VyM — VN Vymn —> VN e i .
a2 H ’ H H the event is indistinguisable with a QE
vyn —>v,pm , V,N—>V,pT event (similar observed final particles).




3.2 Neutrino - nucleon interactions

O Neutrino interactions at 0.1-20GeV energy:

 Resonant meson production (CC17 dominates at low energy)

c(cmz)

12
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x10™°

— Model
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—4— BNL

- == NEUT 5.3.6
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3.2 Neutrino - nucleon interactions

O Neutrino interactions at 0.1-20GeV energy:

« Resonant meson production (CC17 dominates at low energy)

0.5 .
~ arXiv:1711.02403v3
. - Experiment Target NC/CC Ratio Value Reference
S 04 — ANL H, o(wup = vupn®)/o(wup = p prt)  0.51+£0.25 (Barish et al., 1974)
@D e ANL H, o(wup = v,pr®)/o(vup = u prt)  0.09+0.05* (Derrick et al., 1981)
s v | ANL H, o(vup— vunmt)/o(vup — p~prt)  0.17+£0.08 (Barish et al, 1974)
NE 0.3 ANL H, owuyp—vunnt)/o(vyp = p pmT) 0.1240.04 (Derrick et al., 1981)
& i ANL D5 olvun —v,pr)/o(vyn — p nwt) 0.38+0.11 (Fogli and Nardulli, 1980)
ooo i GGM CsHs CF3Br o(vu N - v, N7°)/20(vun — p~ p7°) 0.45+0.08 (Krenz et al., 1978a)
‘?o 0.2 = BNL CERN PS Al o(wuy N = v, N7°)/20(vun — p~ p7°) 0.40 +£0.06 (Fogli and Nardulli, 1980)
- i BNL Al oy N = v, N7°)/20(wun — p pr°) 0.17+0.04 (Lee et al., 1977)
o - —o— ANL BNL Al oy N = v, Nn°)/20(vun — p~ pn°) 0.25+0.09** (Nienaber, 1988)
0.1 Model ANL Do oclvun = vupn )/o(wup — p pm") 0.11£0.022 (Derrick et al., 1981)
- — miode
_ -/
i / ---- NEUT 5.3.6 .
' ] » * The cross sections of the other channels can
0 0.5 1 1.5 2 2.5 3
E, (GeV) be deduced from the above three ones by

— 0
v,n — | pm

experimental measurements



3.2 Neutrino - nucleon interactions

O Neutrino interactions at 0.1-20GeV energy:

_ _ * Negligible transferred energy
 Coherent pion production

0 0 * Coherently produce pion
vV, A— v, Am vV, A=V, AT
®* No nuclear recaoll
v, A= u~ ArT U, Ao ut AnT

G_% , 1 —y do(nA — 7A)

Adler’s PCAC theorem
y d|t]

* V= Eyr/Ev
» f.: pion decay constant

|| : magnitude of the square of the 4-momentum transfer to the nucleus
. Q2 = — qz: 4-momentum transferred to hadronic system



3.2 Neutrino - nucleon interactions

O Neutrino interactions at 0.1-20GeV energy:

_ _ * Negligible transferred energy
» Coherent pion production e Coherent q .
oherently produce pion
I/“A—)I/MAW'O D“A—>7“A7TO N I I
* No nuclear recol
v, A= u~ ArT U, Ao ut AnT

— e T2K vy on '?C (2022) — T2K v on 2C (2022)
- —e— T2K v, on ™2C (2016) = * ] ; . :
0.25 [ T2K v, Flux (Arbitary Units) 0.25 - 1 T2Kyv, Flui(Arb::ary Units) ‘ e
20 [— MINERVA v on '2C (2014) 20— —— Z:ENNEIER\% \(’5 (;:;; | C (2018)
~ B — . GENIE RS (2007) —~ B —
&) B —— == GENIE BS (2009) @) B —— == GENIE BS (2009) Ve
Q B NEUT BS (2009) ﬁ - NEUT BS (2009) ‘ I——
&~ 0.2) e NEUT BS integrated over T2K flux & 02 ... NEUT BS integrated over T2K flux 7
E . esseas GENIE RS integrated over T2K flux E - -
o B = B
o N - -
& - ¢ -
— 0.5 - 2 0.15 -
X - ) -
= N - _
8 0.1 S 0.1
& ; N
e - S -
0 © B
0.05 — 0.05—
0 o 0 | . 2 2 X 1 ‘
0 1.5 . 3 0 0.5 1 1.5 2 2.5 3
E, (GeV) E, (GeV)

« CC COH Xsec measurement on C at T2K for v, (left) and v, (right)



3.2 Neutrino - nucleon interactions

O Neutrino interactions at 20 - 500 GeV energy:

 Deep inelastic scattering (CC)
y+N—->1"+X U,+N—-I1T+X

d*c*” G%mNE

dxdy  a(l + Q¥m3, ) -

xyzFl(x’ Qz) + (

(-)+ for (anti-)neutrino scattering

Fy, 0% £y (1= y/2) xF3(x, 0]

MicroBooNE, PRL 128, 151801 (2022) A
MicroBooNE, PRL 123, 131801 (2019)
NINJA, PTEP 3, 033C01 (2021)

T2K, PRD 98, 012004 (2018)

T2K, PRD 96, 052001 (2017)
MINERVA, PRD 95, 072009 (2017)
T2K, PRD 93, 072002 (2016)

T2K (CH), PRD 90, 052010 (2014)
ArgoNeuT, PRD 89, 112003 (2014)
ArgoNeuT, PRL 108, 161802 (2012)
SciBooNE, PRD 83, 012005 (2011)
MINOS, PRD 81, 072002 (2010)

NOMAD, PLB 660, 19 (2008)
NuTeV, PRD 74, 012008 (2006)
CCFR (1997 Seligman Thesis)
IHEP-JINR, ZP C70, 39 (1996)
CDHS, ZP C35, 443 (1987)
BNL, PRD 25, 617 (1982)
GGM-SPS, PL 104B, 235 (1981)
ANL, PRD 19, 2521 (1979)
BEBC, ZP C2, 187 (1979)
GGM-PS, PL 84B (1979)
IHEP-ITEP, SINP 30, 527 (1979)
SKAT, PL 81B, 255 (1979)

* <«HOPWMy O«

2 S 16
X = 2 § 1.45—
2PN - q E 12f
y = Pn-4 3" |
— s 1
PN - Py u‘_?o.sj
Q2 ~, 0.6}
XY = 5 S 04}
CON 02|
s =(p,+py)"=my+2p,.py N

0’ = — ml2 + 2F (E, — p,cos 0)

100 150 200 250 300 350

E, (GeV)



3.3: Cross section measurement

Table 52.1: List of beam properties, targets, and run durations for mod-
ern accelerator-based neutrino experiments studying neutrino scattering.

PDG2023 (E,), (Ey) neutrino run
Experiment beam  (GeV) target(s)  period
ArgoNeuT v,v 4.3, 3.6 Ar 2009 — 2010
FASERv v, U > 200 W, emulsion 2021 —
ICARUS (at CNGS) v 20 Ar 2010 — 2012
ICARUS (at FNAL v 0.8 Ar 2021 — .
K2K ( ) v 1.3 CH, H,O 2003 — 2004 HOW dO experlments
MicroBooNE v 0.8 Ar 2015 — 2020 )
MINERvA v,v 3.5 (LE), He, C, CH, 2009 - 2019 measurc Xsec'
5.5 (ME) H»O, Fe, Pb
MiniBooNE v,v 0.8, 0.7 CHo 2002 — 2019
MINOS v,v 3.5, 6.1 Fe 2004 — 2016
NINJA v, v 06,06 Fe, emulsion 2015 —
NOMAD v, 23.4,19.7 C 1995 — 1998
NOvVA v, 2.0, 2.0 CH, 2010 —
SBND v 0.8 Ar 2024 —
SciBooNE v,v 0.8, 0.7 CH 2007 — 2008
T2K v, v 0.6,0.6 CH, H20O, Fe 2010 —




3.3: Cross section measurement

e Recall that the number of interactions at the detector:
N =@, N,o oringeneral: N(E ) =¢(E).T.o(E)
e Consider an observable x that describes the interaction

dU(Ew xtrue)
N (xtme) — —¢(E1/) i dxtrue

AXyy
* There is no perfect detector, what you measured (reconstrued) is smeared from

the information N(x,,.,,.) # N(x,,,.). You need to account for this difference
and make your measurement closer to the true information as much as possible:

e Jake into account the detector efficiency ¢
- Construct a smearing matrix (migration matrix) U, .., to migrate from

true quantity to reconstructed quantity

do(L,, X,,,,)
N(x,,. )= |U —¢(E) . T.€.dx,,,
dxtme

smearing



3.3: Cross section measurement

* Solving for differential cross section:
dU(Ew xtrue) Us_mearmgN (xrecon) B UunfOZdingN (x recan)

dxtme ¢ (Ez/) y T . €. dxtme ¢(E1/) y T . €. dxtrue
« Where U, 1m0 = Ugf,wa,,mg » U, : unfolding matrix (unsmearing matrix)
. N;Ziffted total number of selected events
* In general \selected __ ek after applying all cuts
do Z N gata s damgl) . Nf;’;g number of backgrounds in selected
dx qﬁ .T.e.Ax events

* () : neutrino integrated flux

» 1 : number of target nucleons
e ¢ : detector efficiency

e Ax : bin width



3.3: Cross section measurement

An example of v, CCOz Xsec measurement at T2K

do
dx

I

selected
data l

¢.T.e.Ax

bekg
data l

)

* Analysis flow:

Legend

ROOT files

Completed
programs

WagasciReWeight

Flow

Flux file

L

NEUT

l

NEUT file (NEUT data format)

L

MC

;

MC file ( WAGASCI data format)

J,

WagasciReWeight

!

MC file (WAGASCI + weights)

L

Reconstruction

;

MC file (WAGASCI + weights)

;

Selection

Merge multiple MC files

Cf

Cross section extraction
(Unfolding)

9.0




3.3: Cross section measurement

An example of v, CCOz Xsec measurement at T2K

O Event selection:

 Define signal sample (CCOxn)
* Define selections (cuts)

Pre-selection

Fiducial volume cut
Number-of-track cut
Muon confidence level cut
Particle charge cut
Track/cluster ratio cut
Michel electron tagging
Contained volume cut

Dismissed

(%)

Dismissed

Pre-selection
False

Inside FV

Dismissed

False

. z,- Uia(

Nselected

data,l

. Nbckg

data,i

)

@.T.c.Ax

# of tracks

Dismissed

3<

/l |
harge of muon >«

Dismissed

positive
negative

ack / Cluste

Dismissed

ratio

0.6 >=

ichel Electron

Yes

CCOpi sample

MUCL for 2nd, 3rd

. MUCL for
d, 3rd trac

2o0r3 \2\

> 0.2 (0.7)



j ~la\ 'data,i data,i
dx

3.3: Cross section measurement ( do_) S U, (Nielecied _ ek
. B O.T.e.Ax

An example of v, CCOz Xsec measurement at T2K

O Event selection:

» Define signal sample (CCOxn)
* Define selections (cuts)

* Pre-selection

» Fiducial volume cut \-\/v/
« Number-of-track cut B i
 Muon confidence level cut w
» Particle charge cut /@

* Track/cluster ratio cut 4

* Michel electron tagging

« Contained volume cut Figure 1: Signal topology for CCOr* sample

v, +A = pu~+X+0x*



j ~la\ 'data,i data,i
dx

3.3: Cross section measurement ( do_) S U, (Nielecied _ ek
. B O.T.e.Ax

An example of v, CCOz Xsec measurement at T2K

O Event selection:

 Define signal sample (CCOxn)
* Define selections (cuts)

* Pre-selection » Whole fundamental cuts related to 2D
* Fiducial volume cut and 3D reconstruction including track
« Number-of-track cut matching between detectors

 Muon confidence level cut
» Particle charge cut

* Track/cluster ratio cut

* Michel electron tagging

e Contained volume cut



data,l data,i
dx

3.3: Cross section measurement ( do_) 3 U, (Nigeced — ek
. B O.T.e.Ax

An example of v, CCOz Xsec measurement at T2K

O Event selection:

 Define signal sample (CCOxn)

* Define selections (cuts) § 104; e z
 Pre-selection § ol .WMRDM
« Fiducial volume cut < 0
e Number-of-track cut § o
* Muon confidence level cut 10 —
» Particle charge cut 1 _
* Track/cluster ratio cut 0 500 1000 1500 2000 '2200
 Michel electron tagging position (mm)

_ Figure 9: X vertex distribution for HyO target
* Contained volume cut

What is the fiducial volume?



data,l data,i

3.3: Cross section measurement ( do_) 3 U, (Nigeced — ek

dx @.T.c.Ax

An example of v, CCOz Xsec measurement at T2K

O Event selection:

 Define signal sample (CCOxn)
* Define selections (cuts)

Pre-selection

Fiducial volume cut
Number-of-track cut
Muon confidence level cut
Particle charge cut
Track/cluster ratio cut
Michel electron tagging
Contained volume cut

o~ I
H - ‘ BZ22222 numuCCOpi
O 1800 = mm EZ77) numuCClpiC
. - T f—— B8 numuCCother
A 1600 — R [ ] numuNC
8 - === [ 777 7] BG from other TMs
— — EEEmm= £ BG from WMRD
— 1400 — [ ] BG from BM
X N 71 BG from Wall
) 1200 - (JTTTT]]) BG from numubar
< -
wn 1000 By
H —
g o
S 800F-
L N
600
400
200
O s 0 2, e e e e
0 1 2 3 4 5 6 7 8 0 10

The number of tracks

Figure 13: the number of track distribution broken down by interaction topologies for the
charged current inclusive sample on water target

CCOr typically has 1 or 2 tracks, events with large
number of tracks are more likely the backgrounds



data,l data,i

3.3: Cross section measurement ( do_) 3 U, (Nigeced — ek

T.e.A
An example of v, CCOz Xsec measurement at T2K p-1.c.Ax

O Event selection:

llllllllllllllllllllllllllllll=

-like ¢

 Define signal sample (CCOxn)
* Define selections (cuts)
* Pre-selection
 Fiducial volume cut
 Number-of-track cut
« Muon confidence level cut

ok
* Particle charge cut WEW .

14
 Track/cluster ratio cut ]ﬂﬂm
Y Thel, ﬂﬂﬂﬂﬂ.ﬁ’lﬂﬂﬂ[ﬁ'

* Michel electron tagging 0 0000 03 04 00

» Contained volume cut Muon Confidence Level(MUCL)
Figure 15: MUCL distribution for UpstreamWAGASCI

events (/3.3x 10*° P.O.T)
2
|

[—
T ]
J L 1 1 1.1




3.3: Cross section measurement

An example of v, CCOz Xsec measurement at T2K

O Event selection:

 Define signal sample (CCOxn)
* Define selections (cuts)

Pre-selection

Fiducial volume cut
Number-of-track cut
Muon confidence level cut
Particle charge cut
Track/cluster ratio cut
Michel electron tagging
Contained volume cut

do

(_

dx

).-

Selected bckg
z data i — N,

)

data,i
gb T'.e.Ax

o
S
-
-

|IIII|IIII|IIII|IIIIL

2500

# of track

2000

1500

1000

"
HEE

500

o )
......
........
........

o
.......

o
......

o
......

OOO

| | 1 1 | 1 | I | 1 | I

—3000

"2000

—1000

|| || I | || | [ | || 1 | 1

ubm

...................
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...................

.........
..........
R R o o &
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Log Likelihood Ratio



j ~la\ 'data,i data,i
dx

3.3: Cross section measurement ( do_) S U, (Nielecied _ ek
. B O.T.e.Ax

An example of v, CCOz Xsec measurement at T2K

O Event selection:

 Define signal sample (CCOxn)

* Define selections (cuts)
* Pre-selection
 Fiducial volume cut
 Number-of-track cut
 Muon confidence level cut

» Particle charge cut  Remove backgrounds from interactions
e Track/cluster ratio cut from experimental hall or other

» Michel electron tagging subdectors

e Contained volume cut



3.3: Cross section measurement ( do_) 3 U, (Nigeced — ek

data,l data,i
dx

@.T.c.Ax

An example of v, CCOz Xsec measurement at T2K

O Event selection:

» Define signal sample (CCOx) /Vu

* Define selections (cuts) " - v
» Pre-selection <::ee'

* Fiducial volume cut
 Number-of-track cut
 Muon confidence level cut
* Particle charge cut « Remove main backgrounds from Wall
e Track/cluster ratio cut MRDs

 Michel electron tagging

* Contained volume cut




3.3: Cross section measurement

)

dx

An example of v, CCOz Xsec measurement at T2K

O Event selection:

 Define signal sample (CCOxn)
* Define selections (cuts)

Pre-selection

Fiducial volume cut
Number-of-track cut
Muon confidence level cut
Particle charge cut
Track/cluster ratio cut
Michel electron tagging
Contained volume cut

@.T.c.Ax

o An event which is not actually a true signal
event can pass your selection even after
, It I1s called a background event

events (/3.3x 10 P.O.T)

700

600

500

400

300

200

100

numu CCOpi'

IIIIIIII|IIII|IIII|IIII|IIII|IIIIL

| I I

-

BG numu CCl1piCharge
BG numu CCother interactions

BG numu NeutralCurrent
BG from other TMs
BG from WMRD
BG from BM

BG from Wall
[[]]]]]] BG from numubar

Illlllllllllll|Illlllllllllllllllll

|

(a) all selection applied

20 40 60 80 100 120 140 160 180

0, (degree)

selected bckg
( do ) z,- Uia(N dataji N, data,i
a



3.3: Cross section measurement

An example of v, CCOz Xsec measurement at T2K

o Unfolding:

Our reconstruction is not perfect, an event can be
reconstructed into a wrong bin

U, presents the probability that an event observed in bin 1

actually happened in bin o

We can use our Monte Carlo to construct a smearing
matrix (migration matrix) which indicates the fraction of

events generated in bin a be mis-reconstructed into bin :

If the detector has good resolution, the matrix should be
close to diagonal

Bin width is also important. If the bins are too small
compared to our resolution, the matrix may not be diagonal

(

do
dx

500F
400
300F

200F

100

,’ Uia( Nselected . Nbckg

data,i data,i

)

-2

Q.T.c.Ax

True
distribution

400}
300F
200

100

Reconstructed (smeared)
distribution




3.3: Cross section measurement

selected bckg
( do ) Zi Uio (N, data,ji N, data,i)
a

An example of v, CCOr Xsec measurement at T2K dx ¢.T.€.Ax

o Unfolding:

 Unfolding matrix
(unsmearing matrix) can
be obtained by inverting the
smearing matrix (migration
matrix)

Smearing matrix

True Bins

U = U~]

unfolding smearing

0 2 4 6 8 10
Reco Bins



)

bckg
data,

- N

selected
data,i

N

Zi Uia(

(@),

IoNn mMeasurement

Cross secti

3.3
An example of

dx
l

¢.T.e.Ax

Lz

N/

-

-—-

M N WAV N AW R A T AN A v -

AL A e .

PA)

(SS SR

N S S SRS

LS SN NN NEX XX

gl N\ O\ N\ N\ N\ A

NN S X

/P77 77 KX
/DOPPRARK
D7 7KX

1000000000 ’4‘ PAV AV AV AV AV AV AV AV ANV AV ANV AV eV AV AV AV AV AV ANV AV ANV a VAV aVaVaVaVaVa
- OO I S S SN S S SE S S SESE S S S S S SSE S S S XX

0:0:0.9.9.9.9.9.9.0.0.00. P V.V.9.9.9.9.9.9.9.9.9.9.9.9.9.9.9.9.9.9.9.9.9.9.9.9

PO KOOSR XX XXX XXX XXX XX XXX XXX XX X X X

€. 0. 0.0 0.0 4 - AN VAV eV a Ve Va VoV oV oV aVaVaY,
G P SRR KK XK XK XK KRR XK K]

NS S NS N NN N NN Sl XX X X
NN AVAVAVAVAVAYA

N MMM AARARARARARAN ATAAAAAAATAAAAAAAA

: NAMNMNMNMNY -.v. v v v v v va vi R . OO Q. Q. Q... Q.. .. O.0.O.

//// e AV AV AYAYAYAYAVAYAVAYAVAYAVAVAVAVAYAVAYAVAYAYAY,
L\

v“’“’“‘ K¢ XXX X X X X X X X X X X XX X XXX X X X X X X X X X

04 I AAAAAANANAARARAARARAARNANARNARNANANANN
AVAS WWAVAVATATATATATATATATATATATATATATATATAY
|/ AR K AR K KX XXX KK R KRN XXX
7 X X TAVAVAVAVAVAVAVAVAVAVAVAVAYAYA

g D¢ X X XX XX XXX X X X X X
A S VAV VAV VAV Va V.,

v, CCOr Xsec measurement at T2K

O Flux

* Integrated flux over all neutr

1

ino energies



3.3: Cross section measurement

selected bckg
< do ) Zi Ui(x(N dataji N, data,i)
a

An example of v, CCOr Xsec measurement at T2K dx ¢.1T.€.Ax

O T:. number of nucleons in target

M
o T=_NA*(np+nn)

m o How many nucleons are there in Super-K detector?
 M: target mass in grams

. M — _ 10
* m: atomic mass M =50kt =5 x 10"g

* 7, n,: number of protons and * My,o =18

neutrons per atom . (n,+ 1)y o= 010+8) =13

+ Ny =6.02214 X 10~ mol™: __ 5x10"
Avogadro’s number 18

*6.0214 x 102 * (10 + 8) = 3 x 10°**



3.3: Cross section measurement

selected bekg
( do ) Z data l data z)

An example of v, CCOz Xsec measurement at T2K dx 45 T.c.Ax

O ¢: efficiency

number of signal events after selection
c =-—_—-

number of signal events in MC

Signal Selection Efficiency Signal Selection Efficiency
e [ | [ | > [ | | [
3 1 — O 1 —
c B = -
2 - : 0 - |
Q Q
= 081 - = 081 -
m [ q m [ ;
= . 3 = I {
S 06F . S 06F .
Q i i 3! i i
s L q o ;
S 04F * . - @ 04 B
02F ’ . 0.2} ‘ ] . .
0 | | | | | 0 | | | |

= = = = = = = E = z = =

@ = 22 o 22 M 22 = =2 M 2 22

k B - S = S S 5 5 5 5 5

3 O S 3! S O O O O 3! 3 s

O O O O O O QO O QO O QO O

(a) with respect to u angle (b) with respect to © momentum

Figure 37: Selection efficiency in one-dimensional phase space for H2O target



An example of v, CCOz Xsec measurement at T2K

3.3: Cross section measurement

O Bin width Ax

Bin width Is defined based on the number of
expected events in each bin

More bins (smaller bin width) you have, better
you can distinguish the features of the
distribution

However, more bins you have, less events In
each bin you get (worse statistics)

)

dx

selected bckg
< do ) Zi Uia(N dataji N data,i
a

Q.T.c.Ax
20— Entries 10
— Mean 5.495
18— ) Std Dev 2.235
10 bins
16—
14 —
12—
10—
8_
6_
4t—
2_Illl|IIlI|IIllllIIlllllllIIllIIIIIlIIIIIIIIIIIIII
0 1 2 3 4 5 6 7 8 9 10
Entries 10
Mean 5.495
Std Dev 2.235
25—
5 bins

20

15

10
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3.4: Summary

 Three active neutrinos (v, Uys U_) and their anti-particles interact with matter by

exchange W=, Z" via CC or NC
» Active neutrinos only participate in weak interaction with extremely small Xsec

* A neutrino can elastic, quasi-elastic, or inelastic scattering with electron,
nucleus, nucleon, or quarks depending on Iits energy

* Theoretical calculation of Xsec is difficult when dealing with nuclear effects

* Experimental measurement of Xsec is difficult due to tiny Xsec and technical
barriers

* |nteractions in medium energy region (~GeV) is important because they cover
mostly accessible and abundant neutrino sources (solar, reactor, atmospheric,
and accelerator)
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4.1: Neutrino event generators

* Neutrino event generators are MC softwares used for
simulating neutrino interactions

* [hey are bridges connecting between theory and
experiment

* [hey play an important role in oscillation analysis:

« Simulate interaction channels
* Simulate signals and bacgrounds

e Calculate efficiencies and systematics
uncertainties

Flux (/cm*/50MeV/10*'POT)

Number of events
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Neutrino mode flux at the far detector
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4.1: Neutrino event generators

* How do they work?

anut@‘ N:::::o ‘@utpu@

0 Neutrino type Generators 0 ROOT file

J Target [ Kinematics of

(d Nu energy or flux out-going particles
[ Interaction mode NEUT, GENIE, Neugen, . Other variables

(d Other parameters NuWro, GiBUU, .. ...

From H. Van
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4.1: Neutrino event generators

 GENIE:

* Developed by international colaboration for neutrino interactions from MeV
to PeV (1012 eV)

» ROOT based neutrino generator written in C++.
 Well maintainance and open source
* Recently implemented models of quasielastic and 2p2h interactions

* Used in many neutrino oscillation experiments such as T2K, NOVA, ...



4. Introduction to NEUT - an event generator

4.1: Neutrino event generators

 GiIBUU (Giessen-Boltzmann-Uehling-Uhlenbeck Project):

* Provides a unified theory and transport framework in the MeV and GeV
energy regimes for elementary reactions on nuclei (electron, photon,
neutrino and hadron with nuclei)

* Provides a full dynamical description of the reaction and delivers the
complete final state of an event

* Not only used as neutrino generator but also in nuclear reactions

* Written in Fortran and open source



4. Introduction to NEUT - an event generator

4.1: Neutrino event generators

* NuWro:
 Has been developed at the University of Wroclaw since 2006
o Written in C++

» Simulate neutrino interactions taking into account beam profile and

composition, detailed detector geometry as well as FSI in the nuclear
target from 100MeV to TeV
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4.2: Introduction to NEUT
 NEUT:

* Originally developed for Kamioka experiment to predict neutrino-induced
backgrounds for nucleon decay search

 Has been officially used for Super-K and T2K (currently NEUT 5.4.0)

 Mainly written in Fortran, not open source yet

* Primarilly simulate neutrino-nucleus/nucleon interactions in wide range of
energy from 100 MeV to few TeV (10! eV)

* |ncorporates nuclear effects

* Recently impemented state-of-the-art CCQE and multi-nucleon model,
single pion production models, and electron - nucleus scattering
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4.2: Introduction to NEUT

« NEUT interaction models (used at T2K analysis):
1p1h (CCQE)

Produce single-ring electron-like and muon-like events

Contribute 70% of the lRﬂ selection at far detector

Use Benhar Spectral Function (Nucl. Phys. A 579, 493-517 (1994))

Nucleon vector form factors: BBBAOS description (Nucl. Phys. B Proc.

Suppl. 159, 127-132 (2006))

Nucleon axial mass MAQE = 1.03 £ 0.06 GeV


https://www.sciencedirect.com/science/article/abs/pii/0375947494909202?via=ihub
https://www.sciencedirect.com/science/article/abs/pii/S0920563206005184?via=ihub
https://www.sciencedirect.com/science/article/abs/pii/S0920563206005184?via=ihub

4. Introduction to NEUT - an event generator
4.2: Introduction to NEUT

2p2h

« NEUT interaction models (used at T2K analysis):

(2 particle — 2 hole)
o« CC 2p2h (2-particles 2-holes), NC 2p2h not included yet v\'/“
* Neutrinos interactions with 2 nucleons producing 2 holes [
* Produce single-ring electron-like and muon-like events ’/‘p

f s
lpn

« Contribute 12% of the lRﬂ selection at far detector

 Use Nieves model (Phys. Lett. B 707, 72-75 (2012))



https://www.sciencedirect.com/science/article/abs/pii/S0370269311014407?via=ihub

4. Introduction to NEUT - an event generator
4.2: Introduction to NEUT

« NEUT interaction models (used at T2K analysis):

e Single pion production

» Coherent 17 (Berger-Sehgal model)

» Resonant and non-resonant 17z (Rein—-Sehgal (RS) model) with hadronic
invariant mass 1.3 < W <2 GeV

« Contribute 13% of the lRﬂ selection at far detector


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.79.053003
https://linkinghub.elsevier.com/retrieve/pii/0003491681902426
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4.2: Introduction to NEUT

« NEUT interaction models (used at T2K analysis):

Deep inelastic scattering

Use GRV98 Parton Distribution Functions (PDFs)
Bodek-Yang (BY) correction is used for 0° < 1.5 GeV?

Processes begin where hadronic invariant mass W > 1.3 GeV

Pythia 5.72 for W > 2 GeV

A custom model interpolating between the A(1232) and DIS interactions
is employed for W < 2 GeV



https://link.springer.com/article/10.1007/s100529800978
https://pubs.aip.org/aip/acp/article-abstract/792/1/257/653537/A-Unified-Model-for-inelastic-e-N-and-v-N-cross?redirectedFrom=fulltext
https://linkinghub.elsevier.com/retrieve/pii/0010465594901325
https://www.sciencedirect.com/science/article/abs/pii/0010465594901325?via=ihub

4. Introduction to NEUT - an event generator
4.3: Practice with NEUT

 Working space is IOP cluster

 CERNLIB and ROOT are needed for ROOT installtion (already available on IOP cluster)

®* Source code:

* Car file: /home/vson/neut_5.4.0/src/neutsmpl/Cards/neut_5.4.0 nd5 C ccqe.card

[vson@®tcp ~]$ pwd

/home/vson

[vson@tcp ~1% 1s

neut 5.4.0

[vson@®tcp ~]%$ 1s neut_5.4.0/src/neutsmpl/Cards/neut 5.4.0 _nd5 _C_ccqe.card
neut_5.4.0/src/neutsmpl/Cards/neut_5.4.0_nd5_C_ccqge.card



4. Introduction to NEUT - an event generator
4.3: Practice with NEUT

 Working space is |IOP cluster
o NEUT input: Card file
* Used to specify models, parameters, interaction modes, ...
* Card file: /home/vson/neut_5.4.0/src/neutsmpl/Cards/neut_5.4.0 nd5_C_ccqge.card
* When setting your card file, check carefully there is no letter C at the
beginning of the line (C: comment out that line)

C EVCT-NEVT
C Number of events to generate

C
C EVCT-NEVT 1000000
EVCT-NEVT 1000
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4.3: Practice with NEUT

 Working space is IOP cluster
1. Log in IOP cluster (2024)
$ ssh -XY vson@202.151.162.171
pass: son...
2. Create a new folder with your name
$ mkdir your_name (in the following steps, replace tvngoc by your_name)
3. Copy source folder to your working directory you have just created
$ cp -r -p neut_5.4.0/ tvngoc/
4. Go to your working directory
$ cd tvngoc/neut_5.4.0/
$lIs

Include lib setup_env_neutd40.sh src



mailto:vson@202.151.162.171

4. Introduction to NEUT - an event generator
4.3: Practice with NEUT

 Working space is IOP cluster
5. Check where you are

$ pwd

/home/vson/tvngoc/neut_5.4.0
6. Before working with neut, we need to setup environment. Use vim or gedit
or other text editors to open and modify the file sefup _env _neut540.sh
Change the default directory to your directory, don’t forget to replace tvngoc by
your_name

$ vi setup_env_neut540.sh

7. Press “i” to modify:
#export NEUT_ROOT=/home/vson/neut_5.4.0

export NEUT_ROOT=/home/vson/tvngoc/neut_5.4.0 (same as output when you pwd)
Press “esc”, then “:wq”, press “enter” to save and close the file
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4.3: Practice with NEUT

 Working space is IOP cluster

8. Source the environment file
$ source setup_env_neut540.sh
9. Go to working directory
$ cd /src/neutsmpl
10. Clean and make to create binary files
$ /bin/csh Cleanneutsmpl.csh (or ./Cleanneutsmpl)
$ /bin/csh Makeneutsmpl.csh (or ./Makeneutsmpl)
11. Press “Is” then “enter” to see if there are “neutroot2” binary file created
12. Open card file to see what inside
$ vi Cards/neut_5.4.0 nd5_C_ccqge.card
Press “I” to enter modified mode, press “esc” and then “:wq” to save and exit.
The letter “C” at the beginning of the line means “comment out” that line.
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4.3: Practice with NEUT

 Working space is IOP cluster

13. Run neut with card file you have just edited. Remember to change the
output filename from output numu offaxis tvngoc.root to your name.root
$ ./neutroot2 Cards/neut_5.4.0_nd5_C_ccqge.card output_numu_offaxis_tvngoc.root

Press “Is” to if there is a file “output_numu_offaxis_tvngoc.root” in the directory

14. Root macro file for analyzing the output. Edit this file if you want to do

the exercises.
$ vi make_histos_standalone_neut540_ccqge_simple.cc
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4.3: Practice with NEUT

 Working space is IOP cluster

15. Run the file to create basic histograms. Remember to change tvngoc to
your_name

$ root -b -

‘make_histos_standalone_neut540_ccqge_simple.cc(”

,"output_numu_offaxis_tvngoc_basichisto.root")’

16. Open created root file to check the histograms

$ root -| output_numu_offaxis_tvngoc_basichisto.root

root (O]

Attaching file output_numu_offaxis_tvngoc_basichisto.root as _fileO...
root [1] .Is

root [2] NEUT_ppro ->Draw();
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4.3: Practice with NEUT

O Summary

1. Define input parameters in Card file

* Off-axis muon neutrino mode
* Flux: nd5 tunedi3avi.1_13anom_runi-7c_fine.root
* Histogram: enu_nd5_tuned13a_numu
* Off-axis muon anti-neutrino mode
* Flux: nd5 tuned13avi1.1_13anom_run5c-7b_antinumode fine.root
* Histogram: enu_nd5_tunedi13a_numub
* On-axis muon neutrino mode
* Flux: nd34_tuned_11bv3.1_250ka.root
* Histogram: ing3_tune_numu
* On-axis muon anti-neutrino mode
* Flux: run5c_tune INGRID _13a_1_1.root
* Histogram: ing3_tune_numub

* Change neutrino flavor code accordingly
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4.3: Practice with NEUT

 Working space is IOP cluster Name it yourself
O Summary
2. Run NEUT to generate events /
J/neutroot?2 directory_to_cardfolder/cardfile.card output_neut.root
3. Analyze the output ¢ Same
root -b -g

‘make_histos_standalone_neut540_ccqge_simple.cc(“output neut.root”,
name_your_root_file_basichisto.root”)’

* The macro is at neut_5.4.0/src/neutsmpl/



4.4: Exercises
e Good information

 Particle code (ID)

if(hnvect->PartIinfo(i)->fPID == 13)
{muon_index=i; cout<<"This is a muon
with the index: "<<muon_index<<endl;}

Particle |  Code
Proton 2212
Antiproton -2212
Electron 11
Positron -11
Electron Neutrino 12
Electron Antineutrino -12
Photon 22
Neutron 2112
Antineutron -2112
Positive Muon -13
Negative Muon 13
Kaon-zero long 130
Positive Pion 211
Negative Pion -211
Positive Kaon 321
Negative Kaon -321
Lambda 3122
Antilambda -3122
Kaon zero short 310
Negative Sigma 3112
Positive Sigma 3222
Sigma-zero 3212
Pion-zero 111
Kaon-zero 311
Antikaon-zero -311
Muon neutrino 14
Muon antineutrino -14
Antisigma-minus -3222
Antisigma-zero -3212
Antisigma-plus -3112

4. Introduction to NEUT - an event generator

Particle |  Code
Xi-zero 3322
Antixi-zero -3322
Negative Xi 3312
Positive Xi -3312
Omega-minus 3334
Antiomega -3334
Positive Tau -15
Negative Tau 15
Tau neutrino 16
Tau antineutrino -16
D-plus 411
D-minus -411
D-zero 421
AntiD-zero -421
D s-plus 431
D s-minus -431
Lambda_c-plus 4122
Xi_c-plus 4232
Xi_c-zero 4112
Xi' _c-plus 4322
Xi' c-zero 4312
Omega_c-zero 4332
Antilambda_c-minus -4122
AntiXi_c-minus -4232
AntiXi_c-zero -4132
AntiXi' _c-minus -4322
AntiXi' c-zero -4312
AntiOmega_ c-zero -4332
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4.4: Exercises « CCQE:v,+n—1"+p I(E;, py)
 Good information .
» Kinematic variables vk, p,)

————mmemlly ¥ = -
 Mandelstam variables in lab frame (4-momentum):

§ = +n2= +p ) = + Py T * |nelasticity: —
= PP = Pk p) = (P PIPED) - nclastity: g )
t=(p,—p)* =P, — 1) =w,—pP)P,—pP) y=

u=(p, _pp)2 = (p; _pn)2 = (p, _pp)(pl — D) PPy
s+t+u=my2+m,%+m12+m§

e Hadronic invariant mass:

* In detail: W=4/E; - py
2
[ = q2 _ Q2 _ m12 _2E (E, — p;cos 6) momentum transterred: (Q2rec)

2= _ g2 =2E (E — p,cos ) — m?
u = my — 2myE, + 2E,(E, — p; cos 0) < : M= p ) = m,
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4.4: Exercises « CCQE:v,+n—1"+p I(E}, py)
e Good information
wE,p,) -0

 Neutrino reconstructed energy
0 0 0 ~
m:—mi—(m, —E)+2m, — E.)E
Ey — M (Erec1) p(E . pp)
2|(m, — E,) — E; 4+ p;cos O]

p;, 5, 0 : out-going lepton momentum, energy, scattered angle

E, =27 MeV : neutron binding energy in Oxygen

m,, m,, m, . proton, neutron, lepton masses

p?

2m E, — m?
Remove £, and considerm, ~ m,: L = (Erec2)

P * 2(m, — E; + p,;cos )
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4.4: Exercises

O The following histograms have already created
KEY: THIDNEUT_mode;1 NEUT mode

KEY: THIDNEUT_enu;1 Neutrino energy

KEY: THIDNEUT_pmu;1  muon momentum
KEY: THIDNEUT_anglemu;1 muon angle

KEY: THTIDNEUT_cosanglemu;1 cos muon angle

KEY: TH2ZDNEUT_mu_pvscosangle;1 muon momentum vs. cos(#theta)
KEY: THIDNEUT _enurec;1 (equation (Enurec?2) in slide 79)
KEY: TH1Dflux_numu;1 #nu_{#mu} flux

KEY: TH1Devtrt_numu;1 #nu_{#mu} event rate
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4.4: Exercises

© Run NEUT with different inputs from card file

* Off-axis muon neutrino mode
* Flux: nd5 _tunedi3avi1.1_13anom_runi-7c_fine.root
* Histogram: enu_nd5_tunedi3a_numu
* Off-axis muon anti-neutrino mode
* Flux: nd5_tunedi3avi1.1_13anom_run5c-7b_antinumode_fine.root
* Histogram: enu_nd5_tunedi13a_numub
* On-axis muon neutrino mode
* Flux: nd34_tuned 11bv3.1_250ka.root
* Histogram: ing3_tune_numu
®* On-axis muon anti-neutrino mode
* Flux: runbc_tune INGRID 13a_1 1.root
* Histogram: ing3_tune_numub

* Remember to change the output filename accordingly
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4.4: Exercises
O Produce the following histograms

What is proton ID?
* Proton momentum

If(hvect->PartInfo(i)-> ) {
* Proton angle cout<<"This is a proton with the index:
<< <<endl;}

* Cosine of proton angle

* 4 momentum transfer (equation (Q2rec) in slide Kinematic variables)

* Neutrino reconstructed energy (equation (Erec1) in slide Nu_energy)

* Neutrino true energy (get from neut output), plot in the same canvas to compare

with Erec1 and Erec2



4.4: Exercises
O Hints

* Define histogram

TH1D *NEUT_Q2 = new TH1D(*"NEUT_Q2","

name

5.);

* Define whaito fill in your histogram (4 momentum calculation)

double _nu*(e_mu-p_mu*cos_mu) - Xmmu*xXmmu;

* Fill histogram
NEUT_Q2->Fill(Q2)

* Write histos
NEUT_Q2->Write()s

am into koot file

Equation (Q2rec) in slide kinematic =

Should be the same

4. Introduction to NEUT - an event generator

| #bins xmin xmax

", 100,

Q2

30—

10—

D:III

NEUT_ Q2

Entries
Mean
RMS

1000
0.4902
0.5155

5 1 1.5

Xmin







Abbreviation

 ANL: Argonne National Laboratory

 BNL: Brookhaven National Laboratory
 BEBC: Big European Bubble Chamber
 FNAL: Fermi National Accelerator Laboratory

* Adler’'s PCAC theorem: partially conserved axial vector current


https://en.wikipedia.org/wiki/Argonne_National_Laboratory

Natural unit h=c=1.

E? = p*c®* + m*c* becomes E? = p*+ m?.

Table 2.1 Relationship between S.1. and natural units.

Quantity [kg, m, s] A, ¢, GeV] h=c=1
Energy kg m? s> GeV GeV
Momentum kgms™! GeV/c GeV
Mass kg GeV/c? GeV
Time S (GeV/h)™! GeV~!
Length m (GeV/hc)™ GeV~!
Area m? (GeV/hc)™? GeV 2

e To convert from natural unit to Sl unit, the mass must be multiplied by 62, the

length must be multiplied by 7ic, ... hc = 0.197 GeV fm,

where one femtometre (fm) = 10~ m.



Michel electron

Experiments soon revealed the manner of
muon's decay, into an electron and a pair of
neutrinos, and the shape of the electron e
spectrum was first calculated by Louis Michel
IN 1950. This is where "Michel electron”
comes from. Michel introduced a single
parameter p to describe the shape. However,

after the non-conservation of parity in weak
interactions proposal of Lee and Yang three
more parameters (n, &, and d) had to be

added, and now all four are referred to
collectively as "Michel parameters".
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4.2: Introduction to NEUT
 NEUT limitations:

 Nuclear models are inconsistent between models or steps in the
factorisation:

 Benhar et al. SF can be used for CCQE but no other modes
 |LFG used for FSI nuclear description
 Benhar et al. SF Pauli blocking uses simple, RFG-like approach
* Nuclear effects in single pion production are largely ignored

* Nuclear transparency has no effect on inclusive cross-section

From L. Pickering
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4.2: Introduction to NEUT
 Future plan:

e Development has begun on NEUT6 - Targeted at HK and final T2K analyses:

o  Significant reorganization of code-base

Improved, modern build system

Removed dependence on an external CERNLIB2005

New TOML-based configuration file

Modern C/Fortran interop

Automatic C/Fortran interface generation for model integration

O O O O O

e Aimis torelease NEUT6 as open source under the GPL before the end of
2023

o  Will also release the final NEUTS series release as open source

e Hope to produce comprehensive data-model comparisons alongside NEUTO6

release From L. Pickering



Fiducial volume

* An inner volume of particle detector media in which background events are
largely excluded

* The well understood region of the detector where the events are accepted for
physics analysis

* Reduce the backgrounds Super-Kamiokande Inner

Detector Volume

Super-Kamiokande
Fiducial Volume

Total mass: 50 kt

Fiducial mass: 22 kt



https://en.wikipedia.org/wiki/Particle_detector

Solid angle

Solid Angle

dA;
d.Q — —2
r

dA; = AB x BC

dA; = (r sinB d¢) x (r o)

~ r*sinfdOdd

12

..... : )

df) = sinfdfdd



3.2 Neutrino - nucleon interactions

O Neutrino interactions at 0.1-20GeV energy:
 Multi-pion production

—
— A.
2 ©
~ 1 E
N
E N
T £
o (&
™ o0
' ™
= o
A\ -1
~10 A
— -1
- —~10
+ |
B 0 ANL, PRD 28, 2714 (1983), D &
(o} 2 ANL, PRD 28, 2714 (1983), D
. o BNL, PRD 34,2554 (1986), D_ (o} 2
3~1 0'2 NUANCE (resonant+DIS) '3_ NUANCE (resonant+DIS)
L 1 1072
< Q.
e’ =
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3.2 Neutrino - nucleon interactions

O Neutrino interactions at 500 GeV - 1 EeV (1018 e V) energy:
* Ultra-high energy neutrinos



3.2 Neutrino - nucleon interactions

O Neutrino interactions at 0.1-20GeV energy:

 Kaon production |
* Potential background of proton decay:

p—> Kv
CC: NC :
V,Ln—ufK“LAO I/Mp—>I/MK+AO

vup—u K p I/Nn—H/“KOAO

-
<

v,n—u~ K°p v,p— v, KT ¥°
vun—pu Ktn v,p—oy, K'St
Vup—>u_K+E+ V“n—H/MKOEO

o BNL PRD 28,2129 (1983), D,
e  FNAL PRD 24,2779 (1981),D,

vun—pu K2 vn—oy, KTS™
v,n—u K'Yt v,n—oy, K3t

NUANCE (resonant only)

—dh
Q
w

10 10°
E, (GeV)

ofv. n—w K*A) (10 % ¢m2/ nucleon)
o
N



Fermi’s golden rule

Transition rate: I'; = 27| T}, |2p(El-) = ZnJ\ 15 |25(El- — E)dn

» 1} transition matrix element

dn
d—E(S(Ei — E)dE: density of states

£y = dn B
p(E;) = d_E —J
E.

dp; d’p;

~dn = (2n)’ > )13 > )23 5° (pa + Py — P — D>): number of accessible states in the energy range

n)3 2n
E—- E+dE

e [orentz invariant matrix element:

9) 4
N,
4E E,

[‘Mﬁ‘zé(EaJ“Eb_El — E))8(py+ Py — D1 — P2) d’pi_d'p
(27)32E, (2n)32E,



3.1 Neutrino - electron interactions

O Neutrino - electron quasi-elastic scattering

_ _ Did you calculate this value
V//t Te — Ve T M Euﬂ > 10.92 GeV as Sanjib’s request?

o Calculate threshold:
v+A — Z X
X
p)

O A atrest, neglecting neutrino mass, in center of mass frame, s = 2L m, + m 4 must

2
greater than ( Z mX>

X

2
(ZX mx) - m,= 0511 MeV

Eth — A
v 2my ) m, = 105.66 MeV



3. Neutrino energies and interactions

O Neutrino interactions at 0.1-20GeV energy:
* Quasi-elastic scattering (QE):

« CCQE:yj+n—1[1"+p
e NC: I/l‘l‘N—) I/l+N,
 Resonant meson production (RES):

e There are similar
channels for anti-
neutrino

h | CClzn & NClnrx
+ CCRES: ;+ N—> "+ N'+m dominates
e NCRES:1;+ N = 1;+ N +m = |» We will focus on
 Coherent pion production (COH): neutrino

« CCCOH:,+A > I +A+ 7"

« NCCOH: 1, +A = v, + A + 7V
 Deep inelastic scattering (DIS):
« CCDIS:v;+ N — [7 + N'+ hadrons

« NCDIS: v;+ N = v;+ N’ + hadrons
Where [T ={e ", u~,7"}; N={p,n};
m={n,n K}; A:nucleus

Interactions at this
energy range




Neutrino energies and interactions

T2K flux
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A. Schukraft, G. Zeller




