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Outline

« Brief Motivation for and History of Measuring Interactions
= Key reactions and thresholds
 Weak interactions and neutrinos
» Elastic and quasi-elastic processes, e.g., ve scattering
= Complication of Targets with Structure
= Deep inelastic scattering (vg) and UHE neutrinos
* Quasielastic and nearly elastic scattering
« Special problems at accelerator energies
* Nuclear Effects
= Generators, theory and experimental data

e Conclusions
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Focus of These Lectures \(

 This Is not a comprehensive review of all
the interesting physics associated with
neutrino interactions

e Choice of topics will focus on:

= Cross-sections useful for studying neutrino
properties

» Estimating cross-sections

= Understanding the most important effects
gualitatively or semi-quantitatively

= Understanding how we use our knowledge of
cross-sections in experiments
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Weak Interactions

e Current-current interaction F H
Fermi, z. physik, 88, 161 (1934) 2

= Paper famously rejected by Nature:
“It contains speculations too remote
from reality to be of interest to the reader”

 Prediction for neutrino interactions

= If N—> peV,then VP —e€'nN
= Better yet, it is robustly predicted by Fermi theory
0 Bethe and Peirels, Nature 133, 532 (1934)

= For neutrinos of a few MeV from a reactor, a typical
cross-section was found to be _a4
o,, ~ox107"cm

This is wrong by a factor of two (parity violation)

2
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How Weak is This? \(

e 0~5x10%4cm? compared with
= 0,,~10% cm? at similar energies, for example

 The cross-section of these few MeV neutrinos Is
such that the mean free path in steel would be
10 light-years

“l have done something very bad today by
proposing a particle that cannot be
detected; it is something no theorist
should ever do.”

Wolfgang Pauli
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Extreme Measures to Overcome v
Weakness (Reines and Cowan, 1946)

Incident
antineutrino

Gamma rays

MNuclear Gamma rays
ExplDSive Neutron capture
Fireball
- — +
e VP —>€ N
Bured signal line
30m for triggering release . Why inverse neutron beta
|
aom | _ decay?
= clean prediction of Fermi
Back fill—— Vacuum
oump weak theory
Suspended— = clean signature of prompt
detector Vacuum gammas from e* plus
ne .
Vacuum - delayed neutron signal.
tank e Feathers and o Latter not as useful with
foam rubber bomb source.
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Discovery of the Neutrino
 Reines and Cowan (1955) |

= Chose a constant source,
nuclear reactor (Savannah River)

» 1956 message to Pauli: "We are
happy to inform you [Pauli] that we
have definitely detected neutrinos...” =,

= 1995 Nobel Prize for Reines
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Better than the Nobel Prize? \(

Freduncokh PENESL ava a%,a_ CoVAaN
Box 1463 , COS AlA*er e et
TA ek f... m-?.g. . M‘@-‘# oy B
Air. VEe Ruowny Kov Yo vacl¥
Pl

Thanks for the message. Everything
comes to him who knows how to wait.

et . 1mC T /1T
PN ﬁ...";.f.-f £ Lo
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Another Neutrino v
Interaction Discovery

« Neutrinos only feel the weak force
= a great way to study the weak force!

e Search for neutral current

= arguably the most famous neutrino
interaction ever observed is shown at right

vﬂe —>vﬂe

Gargamelle, event from
neutral weak force
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An llluminating Aside

 The “discovery signal” for the neutral current
was really neutrino scattering from nuclel

= usually quoted as a ratio of muon-less interactions to
events containing muons G(Vﬂ N v, X )

|4

o(v,N— u X)
* But this discovery was complicated for 12-

18 months by a lack of understanding of
neutrino interactions

» backgrounds from neutrons induced by
neutrino interactions outside the detector

e = not understanding fragmentation to high

energy hadrons which then “punched

"o B o s through” to fake muons

Great article: P. Gallison, Rev Mod Phys 55, 477 (1983)
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The Future: Interactions and v

Oscillation Experiments
Oscillation experiments point us to a rich physics potential at

L/E~400 km/GeV (and L/E~N-(400 km/GeV) as well)
= mass hierarchy, CP violation

But there are difficulties

» transition probabilities as a function of energy must be precisely
measured for mass hierarchy and CP violation

» the neutrinos must be at difficult energies of 1-few GeV for
electron appearance experiments, few-many GeV for
atmospheric neutrino and t appearance experiments.

" Or use neutrinos from reactors... “past is prologue” — B.S.

Our generations lack neutrino flavor measurements in which
distinguishing 1 from O or 1/3 buys a trip to Stockholm

= Difficulties are akin to neutral current experiments

» |s there a message for us here?
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What are the potential \(
problems from interactions?

* As you will learn shortly, for a fixed baseline oscillation
experiment, the relationship between oscillation
parameters and event rate depends on flavor and E,
which we measure from the final state

* Energy reconstruction

» Final state particles and their production from a nuclear
target determine ability to reconstruct E,

« Signal rate for different flavors

e Backgrounds

= Copiously produced pions have an annoying habit of
faking leptons (11°%—e or m*—y) in realistic detectors

* |mportant to understand rate and spectrum of pions
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\(

Kinematics of Neutrino Reactions
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Thresholds and Processes \(

* We detect neutrino interactions only in the final
state, and often with poor knowledge of the
Incoming neutrinos

« Creation of that final state may require energy to
be transferred from the neutrino
y L Lepton
> il _
—Recoll
* In charged-current reactions, where the final state lepton

IS charged, this lepton has mass

= The recoil may be a higher mass object than the initial
state, or it may be in an excited state
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i
Thresholds and Processes

Threshold (iypical)

VN—VN (elastic) Target nucleus is free and recoil is  none

very small

v.,n—ep In some nuclei (mostly metastable  None for free
ones), this reaction is exothermic if neutron & some
proton not ejected other nuclei.

ve—ve (elastic) Most targets have atomic electrons ~ 10eV — 100 keV

anti-v_,p—en m,>m, & m,. Typically more to 1.8 MeV (free p).
make recoil from stable nucleus. More in nuclei.
v,n—ip Final state nucleon is ejected from  ~ 10s MeV for v,
(quasielastic) nucleus. Massive lepton +~100 MeV for v,
v,N—{-X Must create additional hadrons. ~ 200 MeV for v,
(inelastic) Massive lepton. +~100 MeV for v,

 Energy of neutrinos determines available
reactions, and therefore experimental technique
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\(

Calculating Neutrino Interactions
from Electroweak Theory
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e Current-current interaction
(Fermi 1934)

e Modern version:

H et = %[I_yﬂ (1—75)1/][?7/” (V - Ay) f] +h.C.

. P.=1/2(1-;) is a projection operator onto
left-handed states for fermions and right-
handed states for anti-fermions
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Helicity and Chirality

e Helicity Is projection
of spin along the
particle’s direction

= Operator: cep

* Frame dependent for
massive particles

o ©

right-helicity left-helicity

77 (J=0)—> uE) (=
70N

\(

 However, chirality
(“handedness”) Is
Lorentz-invariant

 Operator: P g =1/ 2(1+ 7/5)

— Only same as helicity
for massless particles

e Textbook example is
pion decay to leptons

1)Vﬂ(e) (‘] = _)

_ MaT—eTve)
- T(rTopty,)

VvV Rtheory
® >

N\

11-13 August 2014

_ (e 2(ms2=m. )’
My’ Smgps—my,

< "
=1.23 x 10—
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Helicity and Chirality \(

e Helicity Is projection < However, chirality

of spin along the (“handedness”) Is
particle’s direction Lorentz-invariant
= Operator; gep » Operator: P =1/2(1F y;)

* Neutrinos only interact weakly with a (V-A)
Interaction d A,
H ot = \/E[I}/”(l Vs )V ][f;/“(V—AyS)f] +h.C.
= All neutrinos are left-handed
= All antineutrinos are right-handed

o Determined at time of the weak reaction that
produces the neutrino
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Helicity and Chirality \(

e Helicity Is projection < However, chirality

of spin along the (“handedness”) Is
particle’s direction Lorentz-invariant
= Operator; gep » Operator: P =1/2(1F y;)

e Since neutrinos have mass then the
left-handed neutrino Is:
— Overwhelmingly left-helicity

— Then small right-helicity component o« m/E
but it can almost always be safely neglected
for energies of interest
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Two Weak Interactions

* W exchange gives Charged-Current (CC) events and

Z exchange gives Neutral-Current (NC) events
Charged-Current (CC) Neutral-Current (NC)

In charged-current events, Interactions Interactions
Neutrinos

Flavor of outgoing lepton

) vy I~ Yy v
tags flavor of neutrino TS I N

Charge of outgoing lepton
determines if neutrino or

Anti-Neutrinos

antineutrino \V.\/'I‘/ U
" = v,
Quarks
+ =
q q q q
Flavor Changing Flavor Conserving
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Electroweak Theory \(

e Standard Model
» SU(2) ® U(1) gauge theory unifying weak/EM
— weak NC follows from EM, Weak CC

* Physical couplings related to mixing parameter for
the interactions in the high energy theory

in ray g o g -a
ﬁE\tN — _Qe A,ue j/”e + ﬁwﬂ VLj/”eL + ﬁWﬂ eLj/”VL
\ #~__ Charged-Current _ »-

(1_
ST >w&\<
g 1 _

Z; +(sin2 a, —Ejﬁy“eL - <

-

cos @,
+sin” ByE:7"eq >wx2;x<
N g Neutral-Current ™ .-

L™

V
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Electroweak Theory
e Standard Model
» SU(2) ® U(1) gauge theory unifying weak/EM
= weak NC follows from EM, Weak CC

» Measured physical parameters related to mixing
parameter for the couplings.

Z Couplings o Or

2
Ve, Vy » Ve 1/2 0 e=gsin QW’GF:gM\/?’ I\I\//IIW = C0S 6,
e, U, T ~1/2 +sin*y, sin’g,, lid [
u,c, t 1/2 -2/3 Sinzew -2/3 Sin29W yra Charged_Current e
d,s,b ~1/2 + 1/3 sin’0,, 1/3 sin*0,, M
* Neutrinos are special in SM 2 o

7

» Right-handed neutrino has NO >mzw<
Interactions! Neutral-Current ™ .-

L™
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Why “Weak” ?

* Weak interactions are weak because of the
massive W and Z boson exchanged

do o 1 g is 4-momentum carried by exchange particle
2 2 _M2)2 Mis mass of exchange particle
dg® (q°-M")

<1 ZEUS ep DIS
At HERA see W and Z < s NC Data
| I o CC Data
propagator effects — Sl
- Also weak ~ EM strength S Fee &M
St ﬂ*“?_

 Explains dimensions of Fermi “constant” ;
2 i

_~2( g,

"8 (M |
~1.166x107°/GeV? (g, ~0.7) T T W g e
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Neutrino-Electron Scattering \(

e Inverse u—decay:
Vv, +€ = T+ v, Vi <3><\GE>6'

. Total spin J=0 \ﬂ

(Assuming massless
muon, helicity=chirality) Q°= —(e —y )2
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Lecture Question #1 \Q\/
What is Q%7
"
Ve WYV, v, o %e-

Qt=—(e-v,) %

Work in the center-of-mass
frame and assume, for now,
that we can neglect the masses.

Hint: if you want to know the
range of Q2, there’s only one
variable (6°) in the 2—2 process
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Lecture Question #1 \Q\/
What is Q?

max

u
V“+e‘—>u‘+ve Vi, <= %e'

Q' =—(e-v,) /

Work in the center-of-mass e
frame and assume, for now, .
that we can neglect the masses. Ve

Q°=—(e’+v > —2ew )2

— —¢€

0,0,-E,)
~E; sind",0,~E, cosd’)

Q

(E,
~(E,,

z—:—ZEV (1—(:036’ )J
0<Q’ <(2EJ) (gwﬂ)z

0<Q° <s <« Mandelstam variable, E,,?

27
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2 H
Oror € Qua =S -
GZS V/J <::| > \9 ::>e-
F

B <€
== ‘ff/
=17.2x10%cm*/GeV -E, (GeV)

 Why iIs It proportional to
beam energy?
S = (pvﬂ +p.) =mZ+2mE, (e rest frame)
* Proportionality to energy Is a generic
feature of point-like scattering!
= because do/dQ? is constant (at these energies)
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Neutrino-Electron (cont’d) \(

e Elastic scattering:
vV,te > v, +e
» Recall, EW theory has
coupling to left or right-

handed electron vECOUp.mgS v“g g
= Total spin, J=0,1 NS e
e Electron-Z° coupling WL . | el
= Left-handed: -1/2 + sin?6,, G?s( 1
o oc —F —sin“ @4, +sin* 4
T
= Right-handed: sinZ6,, GiS (. 4
O oC (sm 9\,\, )
T
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 What are relative
contributions of
scattering from left and

right-handed electrons? Vi Vi
iering v
a7 ﬁ ﬂ‘WﬂlﬂS St y
/9' ie flisfavore el 5 . ol S5
f / fRH/
LH 2
do s do :constx(“ cosej
dcosd dcoséd 2
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Neutrino-Electron (cont’d) \(

e Electron-Z° coupling o o« G; (4—sm 6,, +sin 6?

» (LH, V-A): -1/2 + sin20,, &
GiS (. 4
= (RH, V+A): sin20,, - (5'” 0 )
Let y denote inelasticity.
Recoil energy is related to 0
CM scattering angle by do |LH: J-dy =1
y:Ezl—l(l—cose) jdyW: RH-j(l— )*d —}/

2
ol %(i—sinz a, +%Sin4 8, j =1.4x10"%cm*/GeV -E,(GeV)
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Lecture Question #2: \Q\/
Flavors and ve Scattering
The reaction
v,t€ —>v, +€e
has a much smaller cross-section than
Vo + 67 @ Vo B
Why?
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Lecture Question #2: \(
Flavors and ve Scattering
The reaction

v,te —>v, +e
has a much smaller cross-section than y

Ve_l_e_%\/e_ke_ }v/\‘e\

Why?

Vo+€ >V, + e = ¥
has a second contributing y

reaction, charged current e Ve
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Lecture Question #2: v
Flavors and ve Scattering

Let’'s show that this increases the rate
(Recall from the previous pages...

do LH . LH|?
Oror = j dyW oror o |total coupling -
For electron... | LH coupling RH coupling
dCTLH dGRH
— jdy x + x Weak NC -1/2+ sin?0,, | sin?0,,
y y Weak CC -1/2 0
_ __LH 1 __RH
= O7or 730707 )

We have to show the interference between CC and NC is constructive.

The total RH coupling is unchanged by addition of CC because there is no
RH weak CC coupling

There are two LH couplings: NC coupling is -1/2+sin?0,, = -1/4 and the CC
coupling is -1/2. We add the associated amplitudes... and get -1+sin?0,, = -3/4
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Who Cares about v-e v
Elastic Scattering?

e | just spent ~10° of your life span telling you about a
reaction whose rate is 500x10-° of the leading reaction
for accelerator neutrinos

= Was this a good Known Interaction (Standard Candle)
deal? Ve N
el Nl N =£4D0
= |'ll argue yes... 2’ Nl |
[ ) Thls reaCtlon’ aS We ""J]-_lux constraint using ND 5 “
will see, Is nearly o-2L
s : . edo
unique In being
predicted to a fraction & (Cross Section)

* v-e scattering 1s well known interaction we can use to

Of a % p re C I S I O n constrain the neutnino flux @

20 December 2013 Jaewon Park, U. of Rochester FNAL JETP
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Who Cares... (contd)

 Not easy to do. Reaction is rare and the
detector is filled with photons from 19 decays
which can be easily confused with electrons

= But electrons from v+ e~ — v+ e are very forward
(because of small Q?,.,) and electromagnetic
showers from photons & electrons are subtly different

Electron-induced electromagnetic shower _ |
. E
! -if = 1aar POT-Momalized +— Data
e = o g g v, e 107.9
< = 3.43e+20 POT — )
— e E au - 1 v.e 1B
€ - e’ = F | [ v, CCQE 27.8
I\—T’_'J i e -1 [ _| | v nthare 277
= 60 | 8 v, COH =" 16
Photon -induced electromagnetic shower & [ T L ¥ antI:u Mﬁl:la
N E [ | = 1‘--'II nc-Others s
y T 40+ ;_Lr{'—\_ﬁ v,ce 60.9
f.‘_:__a-& e’ l.IlJ I e TIH,_—:.F_ MINERvA Preliminary
E”;\;x-:—:”_ < - | ' tuned
— O W [ J | . o

¥ T ¥ T Pl 118 o PV e e [ T ey
e w 0 2 4 & 8 10 12 14 18 18 320
Y e dEidx (MaV¥M.Tem)
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Who Cares... (cont'd) \(

* In this example (MINERVA) the number of
eventS |S Sma”, - Flux constraining using nu-e (spectrum)

0.05—

soimpactonthe . e
uncertainty of neutrino 0_155_

flux Is modest today § - P
. ~10%—6% ] g_;

11 1 11 1 | 11 1 | 11 | | 11 1 | 11 1 I 11 1
0 2 4 6 8 10 12 14 16 18 20
True Ev (GeV)

« But for NOvA-era and LBNF-era beams, another
order of magnitude in events makes this the
leading method for measuring neutrino flux
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Lepton Mass Effects

e Let's return to
Inverse u—decay:
vV, +€ > U+ Vv,
* What changes in the presence
of final state mass?

o pure CC so always left-handed

o BUT there must be finite Q2 to
create muon In final state!

G (s—m2)

" See a suppression scallng with ToT T
(maSS/CM energy)2 (massless) mlzl
:[GTOT ] 1-—

0 This can be generalized...
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What about other targets?
V A%

any an
« Imagine now a proton target y

* Neutrino-proton elastic scattering: P _,— P

Ve+ P > Vg + P

* “Inverse beta-decay” (IBD): Y
Vo+pP—>€"+n W

: P n
= and “stimulated” beta decay: /'/\‘\
Ve+tN—>€ +p
= Recall that IBD

was the Reines and
Cowan discovery signal

Liquid scintillator
and cadmium
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Proton Structure

 How Is a proton different from an eIectron’P

= anomalous magnetic moment, x =

92 =1

“form factors” related to finite size

'-‘l
GAS TARGET CHANEIER i

( +ELECTRON BEAM |
._.fa_ IJK—'—'I S

K ':—'I !
“BEAM GOMVERGES FROM iu u* |
MOGNET &7 DISTANGE OF 9 FEET f |

| S

~1

Rt F N
L EST ARSORBER ————— .f \ W Y, MONITOR 7
\ ".. '-;'. [ SPECTROMETER _,.l"
- VY | ACCEPTANCE AMGLE |
EVACLIAT E Ir Wi /
SCATTERING CHAMBER W Y "'._'
Voo \i
L &
\\ l'". lII'r"l". ..-"
MTLOR _/) Yoo, N
. LY YN - -
- \ L —
WINDOW L \ A"-M__ ~
A mTN
SPECTROMETER ENTRAMCE suiT— " & %% 4%
T 1 1y 19 1
—— ". AR
! AR
FOLE FARLES OF

/ it
COUBLE FOGUSING SPEGTROMETER—" W
(SCHEMATIC)

McAllister and Hofstadter 1956

188 MeV and 236 MeV electron beam
from linear accelerator at Stanford
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CROSS SECTION IN CM’/STERAD

[

S

S,
1

[u)

T T T
\ ELECTRON SCATTERING
FROM HYDROGEN —
\\ (188 MEV LAB)

T (e}
\ POINT CHARGE,
— POINT  MOMENT

{ANOMALOUS)
| GCURVE —

3

EXPERIMENTAL CUHUE’\‘?\;‘E\{_
b\

b | %

DIR
CURVE

a0 50 TO 20 no 130 150

Determined
proton RMS
charge radius
to be

(0.7+£0.2)
x1013 cm

LABORATORY ANGLE OF SCATTERING (IN DEGREES)
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Final State Mass Effects \(

* InIBD, v, + p — €* +n, have to pay a mass

penalty tW|ce Ve e’
. M,-M,~1.3 MeV, M_,=0.5 MeV Y
e What is the threshold? [ e U

= kinematics are simple, at least to zeroth order in M_/M,,
- heavy nucleon kinetic energy IS zero

Sinitial = (p + P, ) = +2|\/| E (proton rest frame)
Sflnal (pe+pn) ~M2+m +2M (Ev_(Mn_Mp))

. (M +m)) =M ?
» Solving... Evm'”z( . e) " ~1.806 MeV
2M |
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Final State Mass Effects \(
(cont’d)

« Define ok as E -E ™", then
Siiga = Mas 2M (SE+E,™ )
2
=M +25ExM +(M +m,) —M:

=25E><I\/I|O+(I\/Inere)2

* Remember the suppression generally goes as

2
fmass = 1— mfinal2 == (Mn2+ me)
S (M, +m,)" +2M xdE
" 2M

OE x " low energy
2M | x SE (M, +m,)

= ~
M +m,) +2M_x5E M +m) M

(M, +m,) P 1—( A 26) ® high energy
2M 2 SE
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Putting It all together...

GZs

O1or = 7 X ?,2 19Cabibbo X (é:mass ) X ( gv : -|:\39 A2 )

quark mixing! final state mass farc):;gtrzn(\rgcr:?c])r
suppression ’

_ axial
v ) et

e Mmass suppression is proportional to e
ok at low E,, so quadratic near threshold Y
 vector and axial-vector P

form factors goriBD usually 197

referred to as f and g, respectively)
Oy, 9 = 1, 1.26.

* FFS, O-pibne: DESt KNOWN
from t,

e |

g, [10°

= k2 = Ow o3
— T T T T T T 1
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Lecture Question #3: \Q(
Quantitative Lepton Mass Effect
 Which is closest to the minimum
beam energy in which the reaction

V,+tE€ = U+ Vv,

can be observed?

(a) 100 MeV (b) 1 GeV (c) 10 GeV

(It might help you to remember that Q. =m,
or you might just want to think about the total CM energy required

to produce the particles in the final state.)
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Lecture Question #3: \ﬁ(
Quantitative Lepton Mass Effect
 Which is closest to the minimum
beam energy in which the reaction

V,+tE€ = U+ Vv,

can be observed?

szin = rn,zl(a) 100 MeV (b) 1 GeV {(C) 10 GeVJ
Q" <s=(p.+p,)’
—(m, +E,,0,0,,/E,2—m 2)* ~ m? +2m,E,

2

m
“E >—*~10.9 GeV
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Summary of First Lecture... \(
and Next Topic

 We calculated ve scattering and Inverse Beta
Decay (IBD) cross-sections!

* In point-like weak interactions, key features are:
» do/dQ? is = constant.
0 Integrating gives c«E
= |H coupling enters w/ do/dy«1, RH w/ do/dy«(1-y)?
0 Integrating these gives 1 and 1/3, respectively
= |Lepton mass effect gives minimum Q?
0 Integrating gives correction factor in o of (1-Q?_,./S)
= Structure of target can add form factors

* Deep Inelastic Scattering is also a point-like limit
where interaction is v-quark scattering
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\(

Neutrino-Nucleon
Deep Inelastic Scattering
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Neutrino-Nucleon Scattering >

e Charged - Current: W+ exchange

» CC Elastic Scattering (sometimes
called “quasi-elastic” since neutron

targets are only found in nuclei)

(Target changes but no break up)

VytN—>pu +p

= Baryon Resonance Production:
(Target goes to excited state)
vy+n—>p +p+n’ (N orA)

n+mn*

= Deep-Inelastic Scattering:
(Nucleon broken up)
v, +quark — p~ + quark’

Cross
section

11-13 August 2014

e Neutral - Current: Z° exchang

= Elastic Scattering:
(Target unchanged)
v, + N — v, + N

= Baryon Resonance Production:
(Target goes to excited state)
vi,+tN—=>v +N+n (N orA)

= Deep-Inelastic Scattering
(Nucleon broken up)
v, +quark — v, +quark

bISo +— Linear
0 - .
o° rise with
V SR energy
3T
2T Resonance
1T Production
QE

Energy
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Scattering Variables

DEEP INELASTIC NEUTRINO SCATTERING

Scattering variables given in Wt (B'p)
terms of invariants V (Ep) /

*More general than just deep “CWE (v a)
Inelastic (neutrino-quark) xP \ |
scattering, although O —=
interpretation may change. x E,

Measured quantities: E, ,E, 8

L2 .
4-momentum Transfer’: Q°=-q° = —( p— p) ~ (4EE sin2(6?/2))

Lab

Energy Transfer: v=(q-P)/l\/|T=(E—EI) :(Eh_MT)Lab

Lab
Inelasticity: y:(q.p)/(p.p):(Eh_MT)/(Eh+E')

Fractional Momentum of Struck Quark: x=-q*/2(p-q)=Q*/2M;v
Recoil Mass®: W? = (q+P)* =M,*+2M.v-Q°

Lab

2
CM Energy’: s=(p+P)*=M,’ +Qx_y
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Parton Interpretation of High \Q\/
Energy Limit

Mass of target quark qu — X2P2 — )(2|\/|1?

w v :
\ Mass of final state quark

m_° =(XP+Q)

, - \ In “infinite momentum
N frame”, XP Is momentum of
\* ~ partons inside the nucleon
m 2 2
Neutrino scatters off a 2P . q M 1V

parton inside the nucleon
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So why is cross-section so \(
large?

(at least compared to ve" scattering!)
Recall that for neutrino beam and target at rest

Qfax =S 2
GZ max G S
_ 9 2 I
Oror "“7 _[ dQ° = 3
0

2
S=m+2m.E,

But we just learned for DIS that effective mass of each

target quark is My = XM, ;je0n

So much larger target mass means larger 6o
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Chirality, Charge in CC 1-q \(

Scattering
v ———» -+ g
» Total spin determines * . } =
Inelasticity distribution Flatiny
= Familiar from neutrino- -
electron scattering A Total Spin=1
V —» 4+—— g Vg or Vq
l.ﬂlplleb' llnea’” With enél”gy 1/4(1+c0s0%)2 = (1-y)2
do"? st % A J(1-y)2dy=1/3
_“F 2 L d .
By (Xd(X)+XU(X)(1— y) ) « Neutrino/Anti-neutrino CC

each produce particular Ag

do” _Ggs (x§ (X)+ xu(x)(l— Y)Z) in scattering
dxdy ~« E
vd — u U
but what s this "q(x)"” W — ud
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Factorization and Partons

e [Factorization Theorem of QCD allows cross-sections for
hadronic processes to be written as:

N

o(l+h—>1+X) B

xP

ﬁ
= Jdxa(l+9() =1+ X)a, (x) =~

= g,(X) is the probability of finding a parton, g, with momentum frattion x
Inside the hadron, h. Itis called a parton distribution function (PDF).
= PDFs are universal

= PDFs are not (yet) calculable from first principles in QCD

e “Scaling”: parton distributions are largely independent of Q?
scale, and depend on fractional momentum, Xx.
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Brief Summary of Neutrino- \(
Quark Scattering so Far
o X=Q?/2Myv is the fraction of the nucleon 4-momentum

carried by a quark in the infinite momentum frame
= Effective mass for struck quark, M, =/(xP)* =xM;

= Parton distribution functions, g(x), incorporate information
about the “flux” of quarks inside the hadron

e Quark and anti-quark scattering from neutrinos or anti-
neutrinos defines total spin

= Vg and Vq are spin 0, isotropic
= v( and v{ are spin 1, backscattering is suppressed

e Neutrinos and anti-neutrinos pick out definite quark
and anti-quark flavors (charge conservation)
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Momentum of Quarks & v

Fractional
nucleon
momentum
carried by
quarks or
antiquarks

Antiquarks

« Momentum carried by quarks
much greater than anti-quarks
In nucleon

11-13 August 2014

Momentum of quark or antiquark

Momentum of nucleon
Kevin McFarland: Interactions of Neutrinos
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y distribution in Neutrino CC v

At y=0:

Quarks &
anti-quarks

Neutrino and
anti-neutrino
identical

11-13 August 2014

DIS

do(va) _do(@a)

008

0.06

004

g0

5 ¥ antineutrino

B peutrino

0

0.1

Q TN T T Y I A
02

0.3 04 a5 0.6 o7 0.2 09

y = (1—cos®)/2

1

dxdy dxdy
do(vQ) _ do(vQ) o~ (1_ y)z

Kevin McFarland: Interactions of Neutrinos

dxdy dxdy
At y=1.

Neutrinos see
only quarks.

Anti-neutrinos
see only anti-
guarks

Averaged over
protons and

neutrons,

y 1 .V

O zEG
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Structure Functions (SFs)

A model-independent picture of these interactions can
also be formed in terms of nucleon “structure functions”

= All Lorentz-invariant terms included
= Approximate zero lepton mass (small correction)

Fren JFu @) vtz yE @)

M Xy

oc {yZZXFl(x,Q2)+(2—2y—

 For massless free spin-1/2 partons, one simplification...
= Callan-Gross relationship, 2xF,=F,
= Implies intermediate bosons are completely transverse

Can parameterize longitudinal

Cross-section b.y RL.. o, F2 AM 2X2
Callan-Gross violations result R = = 1+ 45— >
from M, NLO pQCD, 9 —4q or  2XK Q
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SFs to PDFs \ﬁ(

e Can relate SFs to PDFs in naive guark-parton model by
matching y dependence

= Assuming Callan-Gross, massless targets and partons...
" F3l2y-y?=(1-y)*1, 2xF =F;: 2-2y+y? =(1-y)*+1

2xFl"pCC_xd (X)+U, (X)+s,(X)+C, (x)

xF,'""<° :xd J()—U, (X)+5,(X)—cC (x)
* |n analogy with neutrino-electron scattering, CC only
Involves left-handed quarks

« However, NC involves both chiralities (V-A and V+A)
= Also couplings from EW Unification
= And no selection by quark charge

2XF,PNC = x[(uﬁ +U2) (U, (0 +U, (X)+¢, () + ¢, (x) )+ (d? +d§)(dp(x)+d_p(x)+sp(x)+§(x))}
X P = x| (UE = u2) (4,00 = U, (04,00 = ¢, () + (A7 = d2) (d, () =, () +5, () =5, ()
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Isoscalar Targets \(

 Heavy nuclel are roughly neutron-proton isoscalar

* Isospin symmetry implies U, = dn ,d o = U,

 Structure Functions have a particularly simple
Interpretation in quark-parton model for this case...

2_v(v)N 2 L
e o (- R (1 - 7)1 o)
2XF," N (X) = x(U(X) +d (X) +U(x) +d (X) + S(X) +5(x) +c(x) +(X) £ Xq(X) +Xq(X
XFy M (%) = XUy (X) + Xdy,, (%) 2 2X(5(X) — (X))
where U, (X) = u(x) —u(x)

g
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Lecture Question #4: Neutrino \(
and Anti-Neutrino o"N

_ N N. .
« Given that GCCV ~ %GCCV in the DIS regime (CC)
do(vq) do(vg) ,do(vQ) .do(vQq)
and that dx T " dx :3_ dx
for CC scattering from quarks or anti-quarks of a
given momentum,

and that cross-section is proportional to parton
momentum, what is the approximate ratio of anti-
guark to quark momentum in the nucleon?

(a) q/qg~1/3 (b)q/g~1/5 (c) q/gq~1/8
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Lecture Question #4: Neutrino \(
and Anti-Neutrino o"N

_ N N. .
« Given that GCCV ~ %GCCV in the DIS regime (CC)
do(vq) do(vg) ,do(vQ) .do(vQq)
and that dx T " dx :3_ dx
for CC scattering from quarks or anti-quarks of a
given momentum,

and that cross-section is proportional to parton
momentum, what is the approximate ratio of anti-
guark to quark momentum in the nucleon?

(a) q/q~1/3 { (b) c_1/q~1/5] (c) q/gq~1/8
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Lecture Question #4: Neutrino \Q\/
and Anti-Neutrino o"N
« Given: GCCVN ~ %GCCVN in the DIS regime (CC)

do(vq) _do(7) _,do(va) _,do(a)
and dx dx dx dx
do(vq)  do(vQ)
o, = j dx( o I dx j
(do(vq) da(vq)) (da(vq) 3da(vq)j
o= o ] ox
dx 3dx dx
J-d (da(vq) da(vq)j 2_fd (da(vq) 3da(vq)j
_ dx dx
L4700 _g[ g 3000 :§jdxd“<‘/q>
dx dx 37 dx

q
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Fractional
nucleon
momentum
carried by
quarks or
antiquarks

Momentum of Quarks & v

Antiquarks

« Momentum carried by quarks
much greater than anti-quarks
In nucleon
A | q (X) = Rule of thumb: at Q2 of 10 GeV=:
' = total quark momentum is 1/3,

Quarks

= total anti-quark is 1/15.
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Momentum of quark or antiquark

Momentum of nucleon
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From SFs to PDFs

* As you all know, there is a large industry in determining
Parton Distributions for hadron collider simulations.

= to the point where some of my colleagues on collider
experiments might think of parton distributions as an
annoying piece of FORTRAN code in their software package

 The purpose, of course, is to use factorization to predict
cross-sections for various processes

= combining deep inelastic scattering data from various sources
together allows us to “measure” parton distributions

= which then are applied to predict hadron-hadron processes at
colliders, and can also be used in predictions for neutrino
scattering, as we shall see.

11-13 August 2014 Kevin McFarland: Interactions of Neutrinos 64



From SFs to PDFs (cont’d) \(

 We just learned that...

2xF," M (x) = xq(X) + xq(X)
XFy M EE (X) = Xy (%) + xd,, (X) £ 2X(5(X) — ¢(X))
where u,,,, (X) = u(x) — u(x)

* In charged-lepton DIS
2FP(0=(2) X d(0+q()

up type quarks

f2)Y Y q+a)

down type quarks

e SO0 you begin to see how one can combine neutrino and
charged lepton DIS and separate
» the quark sea from valence quarks
= up quarks from down quarks
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Deep Inelastic Scattering: \Q\/
Conclusions and Summary
* Neutrino-quark scattering is elastic scattering!

= complicated by fact that quarks live in nucleons
= and, as we will discuss later, nucleons in nuclel!

* Neutrino DIS important for determining parton
distributions

e Supplemental material:

» scaling violations of partons
(more partons with lower mometum at higher Q?)

» mass effects for tau neutrino interactions and production
of charm quarks
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\(

Ultra-High Energy
Cross-Sections
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Ultra-High Energies \(

* At energies relevant for UHE Cosmic Ray
studies (e.g., IceCube, Antares, ANITA) 3

= y-parton cross-section is dominated H—q
by high Q?, since do/dQ? is constant :
o at high Q2, gluon radiation and splitting ﬁ—
lead to more sea quarks at fewer high
X partons (see supplemental material: scaling violations)
o see arise in of E,, from growth of sea at low x
0 heutrino & anti-neutrino cross-sections nearly equal
= Until Q2»M,,?, then propagator do .
term starts decreasing and dg®  (q°-M")°
cross-section stops growing linearly with energy
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Lecture Question #b: \(
Where does o Level Off?
e Until @?»M,?, then propagator i 1
term starts decreasing and do? T (9% — M 2)?

Cross-section becomes constant

e To within a few orders of magnitude, at what beam
energy for a target at rest will this happen?

(a)E, ~10TeV  (b)E, ~10,000TeV (c)E, ~10,000,000TeV
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Lecture Question #b: \(
Where does o Level Off?
e Until @?»M,?, then propagator i 1
term starts decreasing and do? T (9% — M 2)?

Cross-section becomes constant

e To within a few orders of magnitude, at what beam
energy for a target at rest will this happen?

{ (a)E, ~1OTeVJ (b)E, ~10,000TeV (c) E, ~10,000,000TeV

11-13 August 2014 Kevin McFarland: Interactions of Neutrinos 70



Lecture Question #5: \(
Where does o Level Off?
e Until @?»M,?, then propagator do 1

term starts decreasing and do? (qz “M?)?
Cross-section becomes constant

e At what beam energy for a target at rest will this

happen? | B
Bonus point realization...
2 2
Q < Spuceon = Macteon T 2E, Mycieon In reality, that is only correct for
Q% <Syeon = 2E, mnucleon a parton at x=1. Typical quark x
M2 N D IS much less, say ~0.03
L = Q2 limit is s. M2
m 4 . Sowon'tstartto | W <E
nucleon ' i N
2 , i plateau until s>M, 2 2m X
(804) Ge\/? - aEe - N _ nucleon
B ~ 3000GeV g 3000GeV oo
2(.938)GeV e ~100Te
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Ultra-High Energies

e v-parton cross-section is dominated by high QZ,
since do/dQ? is constant

= at high Q?Z, scaling violations have made most of nucleon
momentum carried by sea quarks

= see arisein of E, from growth i
of sea at low x g
= neutrino & anti-neutrino .
cross-sections nearly equal Bh
e Until @>»M,?, then propagator EH actual cross-section 3
term starts decreasing and (Reno, hep-ph/0410109);
cross-section becomes constant ‘
dg*  (@°-M?)’ B, [6e7]
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Example: Ultra-High v

Energies
At UHE, can we reach thresholds of non-SM
processes?

= E.g., structure of quark or leptons, black holes from
extra dimensions, etc.

= Then no one knows what to expect...

10 g—

't Fodor et al.

= PLB 561 (2003)
0.01 E
= C
g, 0.001
=y E
0.0001 -
1e-05
EE — QCD E
= - EW instanton
1e-06 = QCD with saturation E|
— black hole M=1TeV, M™"=5TeV, n=4) | J
le_7 1 11 1 IIII 1 IIIIIIII T T T T TTTTT T T T T TTTTT T T T TT11
8707 1e+08 1e+09 le+10 le+11 le+12

E[GeV]
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\(

Motivation for Understanding
GeV Cross-Sections
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What’s special about 1t?
Why do we care? .

section

« Remember this picture?

= 1-few GeV is exactly where
these additional processes
are turning on

* |t's not DIS yet! Final states & threshold effects matter

. Why |s it |mportant7 Examples from T2K, ICAL
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|’\¢VIII viv

HHHH

h
|§m

. :
E (Gev)
raiialiu. neracuulis vl INeut il

S~

DIS ¢

3T

2T

I
QE

1S

Z\El GeV is here Energy

Goals:
1. v,—ve
2. v, disappearance

E,is 0.4-2.0 GeV
(T2K) or 3-10 GeV
(INO ICAL)
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How do cross-sections effect
oscillation analysis?

_ vptn—=pu+p
* v, disappearance (low energy)
= at Super-K reconstruct these
events by muon angle and momentum P
(proton below Cerenkov threshold in H,O)

= other final states with more particles below threshold
(“non-QE™) will disrupt this reconstruction

 T2K must know these events at few % level to do disappearance

Vv H“ {:E'us Pu}

analysis to No oscillation Am2= 2.5 x103eVZ AmZ= 2.0 x10-3 eV2
700 ~-OA25deg ~ [ -
measure g 97 & 0 |
2 o C i
AM<y3, O3 i ; 60
2200 | i
(fig. courtesy %m : 20 o
Y. Hayato) s G E

ﬂ ,D e T e R ﬂ

a B .E 1 156 2 1] - 0.5 - 1 1.5 2 a 0.5 1 15 2
rec. Ev (GeV) rec. Ev (GeV) rec. Ev (GeV)
(assuming sin? 26,,=1.0)
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How do cross-sections effect
oscillation analysis?

v, disappearance (high energy)

Visible Energy in a calorimeter Is
NOT the v energy transferred to the
hadronic system

» 1 absorption, &t re-scattering, final state
rest mass effect the calorimetric response
» Can use external data to constrain. ——

MINOS F’rellmmary

E TRLUE - ABSORPTION CROSS SECTIONS 1
‘f
._1

G
|
/
" !
! {
! /

MC Near Datactor

o
()
LI |,‘i

D. Ashery ef al, PRC 23,1993

Data Mear Detector

» At very high energies, particle
multiplicities are high and these
_ - effects will average out

(0] 2 4 6 8 >
Shower Energy Near Track Vertex Low energy is more difficult
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Area Normalization
o o
=




14.4m )

How do cross-sections effect v
oscillation analysis?

* Inthe case of INO ICAL, need good energy and angle
resolution to separate normal and inverted hierarchy
= Best sensitivity requires survival probability in both E, and L

|

' I I | I | I
g 6 __ solid: 5% enerey resolution | | __ solid: 5° angular resolution __
% % - dashed: 15% energy resolution | - dashed: 15° angular resolution s
s 5 — = ]
o | wm | wa o B[ 10 0
E— | A E 3 : L |
5.6cm 2 LN d —— - el O
= - \ —_——— [ N T T ==]
. Z2— M = =
e Interaction models NG s
are understanding of - : 1 1L u-like events |
| 1 1 I | 1 1 | I L1 | I-T_I_I_I__I-_ | 1 | |I_I_I__I_I_-I-_II_I:_-'_I_I—I_:_‘
detector response 0 : T s 01 5 5 B 50
both needed to angular resolution [degree] energy resolution [%]
optimize resolution Petcov, Schwetz, hep-ph/0511277
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How do cross-sections effect v

oscillation analysis?

* Vv, appearance

= different problem: signal rate is
very low so even rare
backgrounds contribute!

« Remember the end goal of electron
neutrino appearance experiments

 Want to compare two signals with
two different sets of backgrounds
and signal reactions
= with sub-percent precision

= Requires precise knowledge of
background and signal reactions
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ve +hn—>e+p : Signa'

(Pe, 6e)
Vv
<
iy E'
‘[D< 7° background
Sy from E >peak

Minakata &
uasokawa JHEP
Y 2001

L

P (v, —>ve)%
>
=]
[y
A
=

vacuum

o 1 2 3 4 5
P(v,—=V.)%
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\(

Models for
GeV Cross-Sections
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(Quasi-)Elastic Scattering

e Elastic scattering leaves a single nucleon in the final state
= CC guasi-elastic (“quasi” since neutrons

. . . vh—>1p
are in nuclei) iIs easier to observe 7p—I'n
Vum — ) )
CC v, Quasi—Elastic Cross Section vV N —> V N
[ Tyt « State of data on “free-ish”
L7 F o ML Kot Py o 078,438 1963, 5 neutrons (D,) is marginal
:_"E s 4 CERN-iA25, Allaic, Nuck Phys, B343, 285 (1990), Dy = No free_ neutrons implies nuclear
C O corrections
1.;1'25 l » Low energy statistics poor
% 3 + T | i » Cross-section is calculable
o E ! + = But depends on incalculable form-
05 F factors of the nucleon
0.25 [ HUANCE (fram ruscloon) » Theoretically and experimentally
01;_1 i Etﬁﬁﬁﬂﬂ“ﬁ’;ﬂﬁw”;hﬂ constant at high ene_rgy. |
E. (CeV) = 1 GeV?is ~alimitin Q?
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What was that last cryptic v
remark?

Theoretically and experimentally
constant at high energy

= 1 GeV?is ~alimitin Q? Q2. 1
Oy | dQ?
e Inverse pu—decay: s j (Q%+M,")?
v, + € > U+ v, ~
a maximum Q? independent of M,
beam energy = constant ooy
e OK, but why does cross-section have a Q4. limit?

= |f Q2 is too large, then the probability for the final state nucleon to
stay intact (elastic scattering) becomes low

= This information is encoded in “form factors” of the nucleons
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Elastic Scattering (cont’d) \(

 As with IBD, nucleon structure alters cross-section

= Can write down in terms of all possible “form factors” l/n - I; P
of the nucleon allowed by Lorentz invariance : ‘)/ P— ! )n
C.H. Llewellyn Smith, Phys. Rep. 3C, 261 (1972) v N—>v N
do : rr—+1 p [ 2 (s — “::IE
A(Q?) ¥ B(Q? } + Q) ———— Occupants of the
2 T [ ﬂ 2 . 74
dQ? M M form factor zoo:
ﬂIEG% cosZ .. Fi,, F?, are vector
X
’mE? form factors;

F, Is the axial
om?+Q? 2 2 40?ReFl*¢F2 .
4*'1(@2) = _“IQQ l(-l +%) |F.-‘l|2 - ( fEm) |Fk |2 1{2*:"?:‘\ |2 ( 4?{2) T Q ]Ié — VeCtor form faCtor’
‘ F is the pseudo-

QQ Q2 2 b Q2 32 2
— 4+ 57 ) B3P - 55 (1B + €FPP + |Fa+ 3B — (4+ 55 ) (BRPEIERP) ) | scalar form factor;
) ) : 3 d F3, are
2) Q 1, ep2y Vo 1 Q B QEFP 3| F v an A
\ ) Q? |eF2|? Q related to currents
C(QQJ = 1 |F-'11|H T |F]I:]:_|2 T 1u'r2 - .:;,]l 11.{2 |‘F|..‘1.|2 B A
M= 2 requiring G-parity

violation, small?
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Elastic Scattering (cont’d) \(

« Form factors representing second class currents, F3,, and
F,, are usually assumed to be zero

e Pseduoscalar form factor, Fp, can be calculated from F,
W|th reasonable assumptions (Adler’s theorem and the Goldberger-Treiman relation)

« The leading form factors, F*,,, F%, and F,, are
approximately dipole in form

P J (1P | - H ”
Fylg) ~ sos - “dipole approximation
<A

.
My =0.71 GeV parameters

M,=1.01 GeV . determined from data
I_:A(Or? ~'1-26f7 n.b.: we've seen F,(0) and F(0)
F\(0) is charge of proton before in IBD discussion (g, and g,)

 Note that those masses which “cut off” the form factor are
of order 1 GeV, so form factors are low beyond 1 GeV?
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Elastic Scattering (cont’d) \(

Vector form factors Axial vector form factors

 Measured in charged e Measured in pion electro-

lepton scattering production & neutrino scattering
0.05 01 05 1 ¢, [Ge‘u’."c:l;

@, IGE'M'J'I:':I; ) 2 £
EF 12p r:l.::n ﬂl.llﬁ ml nrs 5 18
o i ‘ﬁ 1.5:
Hﬁ 1 Eq 1'4; : : : : :
G 1sE g° ] O R B 71 5
F Ty T = i g1
£ ! ! ! ! ! ) ! ! ] R R I (]
»E.Not quite dipole. | § 0.2 F b R
- I 2 ; ; O b e 0 o D00 b 0e '
o at:high Q A .
R T TP TP TOUST TURY TP TV TV P T S I A .
0 01 02 03 04 05 06 O0F 06 09 UD prasss st L bl s s b 09
e.g., Bradford-Bodek-Budd-Arrington (“BBBA”), Bodek, Avvakumov, Bradford and Budd.

Nucl.Phys.Proc.Suppl.159:127-132,2006 3. Phys. Conf. Ser. 110, 082004 (2008)
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Low W, the Baryon v
Resonance Region

* Intermediate to elastic and DIS regions is a region of

resonance production
= Recall mass? of hadronic final state is given by

W2=M2Z+2M,v-Q*=M?+2M_ v(1-x)

= At low energy, nucleon-pion states  «»

dominated by N* and A resonances ! p‘ Proton dataC
* |eads to cross-section with =T & v DESY
significant structure in W just =T {\7 %
above M, ieon N R SNSRI
0 .

= Low v, high x

Ey (GeV)

N P W 2 photoabsorption vs E,.
\m Line shows protons.
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The Resonance Region

 Models of the resonance region are complicated

* |n principle, many baryon resonances can be excited in the
scattering and they all can contribute

= They de-excite mostly by radiating pions

Mucleon Resonances below 2 GeV/c? according to Ref, [4]

—_

Central mass Total Elasticity
Resonance value M with xg = w4 branching Quark-Model/
Symbol® [MeV/c?] Ty[MeV] ratio SUg-assignment
Pyy(1234) . 1234 124 1 (100542 [56, 0]y
Py1(1450) 1450 370 0.65 *(B)ya [56, 0],
D,(1525) 1525 125 0.56 *&)aa (70, 1714
§1:(1540) 1540 270 0.45. *(8hya [70, 17y
S5.1(1620) 1620 140 0.25 (102 [70, 17,
5,,(1640) 1640 140 0.60 4@ (70,11
P,(1640) 1640 370 0.20 4(10)ys [56, 0+];
D,5(1670) 1670 80 0.10 4(8)y/2 [70, 171,
D,(1680) 1680 180 0.35 4(8)s/2 [70, 171,
F5(1680) 1680 120 0.62 (8515 [56, 2],
P,;(1710) 1710 100 0.19 }(8)sa [70, 04],
Dy(1730) 1730 300 0.12 *(10)312 [70, 17,
Py5(1740) 1740 210 0.19 2(8)ssa [56, 2%])s
P, (1920) 1920 300 0.19 10 [56, 2%)y
Fyg(1920) 1920 340 0.15 (100ssg [56, 2%)
F(1950) 1950 340 0.40 4(10)5 [56, 2%]5
P4y(1960) 1960 300 0.17 4(10)y/2 [56, 2],
Fy(1970) - 1970 325 0.06 4By (70, 2], _J
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Quark-Hadron Duality

e Bloom-Gilman Duality is the relationship between quark
and hadron descriptions of reactions. It reflects:

» |ink between confinement and asymptotic freedom
= transition from non-perturbative to perturbative QCD

7 [ prT——— S e e P [ o Ev T ——— g

T/ :,.n(;)._s') T8 22, :;.5‘) i
J H E
e >hadrons) } | :
o(ee” — hadrons : ‘
R= + A + - *h covemreet bttt it raibt ot § 1 —— * """""""" t i*'i'hlt z
ole'e »>uiw) Ll AR Xy
t_h‘u W i
2 E. -} {
1 L_ %
s ]
0°r R oy oy s 1 ; — s J B
] > 4 S 6 7 8 910 20 30 40

guark-parton model calculation: Ecm (GeV)

2
e EM
R=N¢ Z Z(Qq ) +0(2em @) put of course, final state is really sums
gl over discrete hadronic systems
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Duallty and 1%

W * ——1

M; +Q°

0.0 1 I B
0.02 0.08 0.050.07 0.10

|
0.20 0.30
x [Q®=0.07]

T T
® SLAC

Low QZ? data ,
DIS-Style PDF prem_ |

Governs transition
between resonance and
DIS region

Sums of discrete
resonances approaches
DIS cross-section

Bodek-Yang: Observe In
electron scattering data;
apply to v cross-sections
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Duality’s Promise

* In principle, a duality based approach can be applied
over the entire kinematic region

 The problem is that duality gives “averaged” differential
cross-sections, and not details of a final state

o 0
S (7
G\ S/
0% 5 %, %
W 5 % " 7
A @ P o0
G0 oC o~ . 9oy,
S of© ZeG
W o9 %, 65
(OQ 5\ &/L "9@
7 SN

« Microphysical models may lack important physics, but
duality models may not predict all we need to know
= How to scale the mountain between the two?
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Lecture Question #6: \Q(
Duality meets Reality
A difficulty in relating cross-sections of electron
scattering (photon exchange) to charged-current
neutrino scattering (W= exchange) is that some e-

scatting reactions have imperfect v-scattering
analogues.

Write all possible v, CC reactions involving the same
target particle and isospin rotations of the final state

for each of the following...
(@) en—>en

(b)eTp—>ep /f\@
>

e BP el
e (o
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Lecture Question #6: \(
Duality meets Reality
Write all possible v reactions involving the same target

particle and isospin rotations of the final state for
each of the following...

(@) e n—>en (c)e"p—oenz’
v,n— u p V,p—> i pr
(b)e"p—ep

(d)en—e pr
V n—>,u n7z
V n—>,u p7z

there are none!
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Building a Unified Model

* In the relevant energy regime around 1 GeV,
need a model that smoothly manages exclusive
(elastic, resonance) to inclusive (DIS) transition

1.25 T T YITIII‘ T T Ili!]il’ IITIIE

o CCFRR [15]

2 0 BNL 7-feet [18]

100 — X ANL 12-feet [17] —
i O ANL 12-feet [18] 7]

e Duality argues that
the transition from
the high W part of
the resonance
region (many
resonances) to deep
Inelastic scattering
should be smooth. "o

Q.TE —

ooc/Ey (107 cm?/deV)
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Summary of Second \(
Lecture... and Next Topics

 We (slowly) extended what we learned about ve-
scattering to (anti)v-(anti)quark scattering and
calculated in the inelastic high energy limit

* Fully predicted cross-section, up to quark distributions
Inside nucleon (PDFs)

» Discussed implications for Ice Cube energy neutrinos
 We then tried to build the elastic and barely-inelastic
neutrino-nucleon cross-sections ab Initio
» Lots of form factors and baryon resonances. Complex!
e Duality between quark and hadron pictures can help

extend calculations in deep inelastic limit to A
resonance dominated regime
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Exclusive Resonance v
Models and Duality Models

— 1
—

« Duality models agree with A
inclusive data by construction N

|
v(()).02 0.03 0.05 0.07 0.10 0.20 0.30
x [Q*=0.07] x [Q®=0.22]

= However, in a generator context, e A ————
have to add details of final state i . i

o Typical approach (GENIE, - e -
NEUT and NUANCE) is to use " v = & o w7
a resonance model (Rein & Sehgal) below W<2 GeV,
and duality + string fragmentation model for W>2 GeV

= This is far from an idea solution

= Discrete resonance model (probably) disagrees with total cross-
section data below W<2 GeV and is difficult to tune

= Average cross-section at high W does agree with data, but final
state simulation is of unknown quality and difficult to tune also.

o — — F2(L0:GRV94) 1
———  F2(LO+HT:GRV94]
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From Nucleons to Nuclel
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Why are Nuclel So Difficult?

 The fundamental theory
allows a complete
calculation of neutrino
scattering from quarks

e But those quarks are In
nucleons (PDFs), and those
nucleons are in a strongly
Interacting tangle

* Imagine calculating the
excitations of a pile of coupled
springs. Very hard in general.
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Coherent Neutrino-Nucleus
Scattering
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Coherent and Elastic \(

 Here is a limit in which, in principle, we can
calculate scattering from the nucleus

\"/

e Why?
If probe Is long
wavelength, then

* Also, coherent
iImplies significant enhancement of rate
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Coherence Condition

 Wavelength of probe, must be much larger than
target, so momentum transfer: Q «<1/R

 If coherent, amplitudes from nucleons add
= Therefore rate goes as (#nucleons)?

e Limited momentum transfer, means limited
kinetic energy of recoil: T <«<1/M R’

= Typical nuclear size in “natural” =, Q°
units ~ 100 MeV, so maximum e
recoil energy is ~100 keV or less for 40Ar

d G; . 2 M,T 5 v
d$=4ﬂ[N—Z(1—4sm 6| [1— = j(F(Q ))

|4

\ Y 1 Form factor with coherence

Weak NC coupling : nearly zero for proton condition... goes to 0
except for very low Q? s

forQ«< M,

A
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Comments on Coherent \(
Nuclear Scattering
e No one has ever observed this because of the

difficulties of finding such low recolls in nuclear

maltter

= Most promising approaches have much in common with
dark matter detectors

* Very useful practically if this can be overcome
since it is a reaction perfect for “counting”
neutrinos from a beam, a reactor, etc.
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Lecture Question #7 \?\/

| would be willing to assert at high confidence
that the discovery of neutrinos from the big bang
would earn you a Nobel prize.

Coherent scattering has no threshold, so can
use it to detect neutrinos with energies ~1 meV

What makes this difficult?

2
Q<<£:>Tmax<< : Tow—2

forQ« M
R M R’ 2M b

d G; . 2 M,T 5\ 2
d‘T’=4ﬂ[N—z(1—4sm 6| [1— o ](F(Q ))
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Lecture Question #7 \(

| would be willing to assert at high confidence
that the discovery of neutrinos from the big bang
would earn you a Nobel prize.

Coherent scattering has no threshold, so can
use it to detect neutrinos with energies ~1 meV

What makes this difficult to detect?

The maximum momentum that Q2
can be transferredtoa heavy T ~ forQ<«M,
stationary target is no more than 2M |

twice the lab frame momentum.

2 2
2
S0 7 R 2P ggisey
2M | M,
Bummer! | was looking forward to that sauna.
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Coherent and Inelastic?

 What does that even mean?

« A long wavelength probe of the
nucleus can interact with an off-

| v

—

-]WM

3

™~ <
Q

shell W or Z, turning it into a pion! T 0
* Firing a gun at a bubble, leaving it |
Intact, but breaking apart the bullet? '_O O"

* Problematic background for oscillation experiments if
pion fakes a single lepton

______ +.ﬁ.— +m +A

5 2 25 @ 3§
Fion Energy (GeV)
11-13 August 2014

—g.‘—' {em Deg reaC')

ewra-uerea o MINERVA and other
experiments have seen
this happen!

_ = MINERVA data shows
[ S current models are poor

8, wir to Beam (Daegreash
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\(

Inverse Beta Decay and Related
Reactions in Nuclel
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Recall: Inverse Beta Decay

do  GZs
= —F=xC0S” Fypibno X (Eass ) X| Oy (1+,B cosd)+3g,’ 1——c056’
dcosé N ~L 1 3
~ proton form
quark mixing! final state mass factors (vector
suppression axial) ’
Y, e’

e Mmass suppression is proportional to e
OE at low E,, so quadratic near threshold Y

 vector and axial-vector P

form factors (for 18D usually 10 1
referred to as f and g, respectively) S ST
gy, ga = 1, 1.26. C
* FFS, Ocabivhor PEStkNOWN 2 2|
from <, (neutron beta decay) © <+ e
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a,, [107°

Inside a Nucleus

 Near threshold, have to account for discrete
excitations of final state nucleus
= |f reaction is inclusive, then this is a sum over states
= That can be difficult if many states are involved

e Exclusive reactions behave like free nucleon

beta decay, but with a different threshold
v, Y6 Si0E (12N)

10 ground state
g | .« KARMEN, PPNP 32, 351 (1994)
I 0 LSND PRC 64, 065001 (2001)
B e Fukugita, et al.
41 3
0 3
0 3

rfil AR MR SRR NS SAN N RSN U S MNP U SUN N AU SN SR R
20 25 30 35 40 45 50 55 60
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Nuclel for Solar Neutrinos

 Here are some nuclel historically important for
Solar neutrino experiments. Low thresholds.

Experiment | Nuclear Target Reaction Oy AEnud
[10"%cm?] [MeV]
(no det. Thres.)
GALLEX/GNO 71 71 - 7 8.611 + 0.4% 0.2327
SAGE Gass v.+ Ga—>e + Ge ©T) :
HOMESTGKE 3¢ v+ Cl>e +7 Ar 1'(7[:2)5 0.814
ICARUS 4°Ar'18 v, 01 Iy pT 4 0K 148.58 (F)
44 367 (6T>) 1505 +
41567 (6T)

11-13 August 2014
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SNO

 Three reactions for
observing v from sun
(E, ~ few MeV

e

= 2H, 160 binding energies are 13.6eV, ~1 keV.

= Therefore, e are “free”. ook, ™
| = Deuteron binding =
. — ! | PT€ energyis2.2Mev i -
= Energy threshold of a few MeV for /
neutral current. Less for the charged T e
current because mn>mp+me (Bahcall, Kubodara,
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GeV Cross-Sections on
Nucleons In a Nucleus

11-13 August 2014 Kevin McFarland: Interactions of Neutrinos 110



Elastic? Fantastic! \Q\/

e Last time, we showed that the elastic scattering
of neutrinos from nucleons is (nearly) predicted
= Charged-current reaction allows tagging of neutrino
flavor and reconstruction of energy
« Unfortunately, practical neutrino experiments
have these nucleons inside nuclel

Does it matter
that | started my
new life inside a
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Fermi Motion, Binding and v
Paull “Blocking”

* |n a nucleus, target nucleon has some Iinitial momentum
which modifies the observed scattering

= Simple model is a “Fermi Gas” model of nucleons filling
available states up to some initial state Fermi momentum, kg

- Motion of target
Initial state nucleon changes P - - —> M
n kinematics of reaction Final state
e The nucleon is bound in the nucleus, ™ n
SO It take energy to remove It - /

 Pauli blocking for nucleons not /
escaping nucleus... states are already g ke
filled with identical nucleon '

11-13 August 2014 Kevin McFarland: Interactions of Neutrinos 112

QP
PP




“Final State” Interactions

e The outgoing nucleon could create
another particle as it travels in nucleus Y
= |fitis a pion, event would appear inelastic /\

e Also other final states can contribute
to apparent “quasi-elastic” scattering
through absorption in the nucleus...

= Kinematics may or may not distinguish
the reaction from elastic

nucleus

» Theoretical uncertainties in these reactions are large

= At least at the 10% level. More on this later.
= |f precise knowledge is needed for target (e.g., water, liquid
argon, hydrocarbons), dedicated measurements will be needed

o0 Most relevant for low energy experiments, i.e., T2K
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“Final State” Interactions

« The outgoing nucleon could create
another particle as it travels in nucleus Y
= |fitis a pion, event would appear inelastic /\

« Also other final states can contribute
to apparent “quasi-elastic” scattering
through absorption in the nucleus...

= Kinematics may or may not distinguish
the reaction from elastic

nucleus

» Theoretical uncertainties in these reactions are large

= At least at the 10% level. More on this later.
= |f precise knowledge is needed for target (e.g., water, liquid
argon, hydrocarbons), dedicated measurements will be needed

o0 Most relevant for low energy experiments, i.e., T2K
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Measurements of CCQE on v

Nuclel: Backgrounds
« K2K famously observed a

“low Q2 deficit” in its analysis 1335_3!: One-track events
. . 1200 K2K SciFi
* MiniBooNE originally had wf [ (Oxygen target)
a significant discrepancy o PRD74 052002 (2006)
at |OW Q2 aS We” 2Imlzl] 0.2 04 06 08 1 1.2 1|
K2KA one-track @ qgawc;zj

= Original approach was to

teonul}i(rlcl(emlj’guzll blocking : ﬂ f‘ Mln:BooNE
* Was resolved by |2 u
tuning single 2 12000 o . T )
pion background ﬁ o g e,
to data w/ pions = L B oRL160 035301 (3008) e
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M| f | B 0]0) N E (Phys. Rev. D81 092005, 2010)

* OIl Cerenkov detector (carbon),
views only muon

« Fit to observables, muon energy
& angle find a discrepancy with
expectation from free nucleons

» Itlooks like a distortion of the Q2
distribution

 MiniBooNE fits for an “effective”
axial mass, M,, higher than
expected

» (Good consistency between total
cross-section and this Q2 shape in
this high M, explanation

1.15

fa) E =0.40ek
() E,~D.8Cet
(e} E =1.2GeV 1
(d) O =0.2GeV? 0.95
o) QO =0.0Gey

(H O =1.0GeV*

i ra
02 o4 06 0B 1 12 14 16 18 2
T, (GeV)

L MiniBoa™NE data with shape error
----- RFG model (M =103 GeV, c=1.000)
. L1 . -
-~ RFG madel (M =1.35 Ge¥, £=1.007)

RFG model (M =1.35 GeV, «=1.007) x1.10

o T e,
0 02040608 1 1214 1618 2
Qi (Gev)
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NOMAD (Eur.Phys.J.C63:355-381,2009)

* Like MiniBooNE, target is mostly

- E e [ Aun 15049 Event 11514 |
carbon (drift chamber walls) I |
e Reconstruct both recoliling /'
proton and muon
] L |
e Total cross-section and Q2 -
distribution are both consistent | |
with expectation from free S ., " wrasen
n u C I e O n 9% » \ BackGround
- Two experiments, same target, = s
but different energies and oo
reconstruction... A T
... Incompatible results? Op
Q7 (GeV?)
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MiniIBooNE and NOMAD

« Current data cannot be fit by a single prediction for low
energy data (BooNEs) and high energy data (NOMAD)

= |n effective dipole form-factor picture, different “M,”

= Free nucleon M, is ~1 GeV from both pion
electroproduction and neutrino scattering on deuterium

 Recall: MiniBooNE measures y only, NOMAD u+p
x10™%°

(b) ——— NOMAD data with total error

1 ——— SciBooNE data with preliminary error
=
i O —

cr(cmz)
bk b -l

ONPLOOONRAD

1
1,-=" Plot courtesy

—g—  MiniBooNE data with total error of T. Katori

--------- RFG model with M5"=1.03 GeV,x=1.000

———— RFG model with Meiﬁ=1.35 GeV,x=1.007

Free nucleon with M, =1.03 GeV

1 10 EE!E,FIFG (GeV)
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MINERVA CCQE on Carbon

« MINERVA has measured CCQE in cuf” Sam— ]
neutrino and anti-neutrino beams o
» Flux integrated from 1.5 to 10 GeV. ”
It's a measurement “near” 3.5 GeV a
« Sample is selected by muon and “low” [:") \_ |
calorimetric recoil away from vertex T

1510 GeV
Module number ’

] I T L T R R R R RN R R R R R R ER N ] el ¥
E: : ! | E '*,i_ C
S| -1} | ; Vertex Energy
Ql = Recoil Energy
5| =1 Region -
2] TP PR AP P E PRI IR < I
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Ratio to GENIE

d o/dQ? Shape
v, CCQE v, CCQE

1.8 -
16 B = data NuWro RFG M ,=1.35 B = data NuWro RFG M =1.35
[ —— GENIE RFG M,=0.99 ---.- NuWro RFG M,=0.99 + TEM || —— GENIE RFGM,=0.99 ----. NuWro RFG M ,=0.99 + TEM
1.4 NuWro RFG M ,=0.99 NuWro SF M,=0.99 . NuWro RFG M ,=0.99 NuWro SF M,=0.99
1.2 —
1 i____——————f? ; "L——i——-— AT T ,,—-—---=——-‘—‘—‘;i—;“-i—= o ]E -
0.8 { } _—i E
- 1.5<E <10 GeV - 1.5<E, <10 GeV
0.6 Area Normalized — Area Normalized
L 1 1 L I L 1 L L L L 1 I L 1 1 L I L 1 L L L L 1 I
10 10" 1 ye 10" 1
2 2 2 2
Q?_(GeV?) Q%_(GeV?)

« Q2 distribution doesn’t agree well with “high effective
but there Is a clear disagreement with free nucleon result

e Best fit Is to “transverse enhancement model”
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MINERVA up+proton CCQE

MINERVA has also done a
NOMAD-like measurement
requiring the proton

And... agrees with NOMAD
data’s preferred model
Instead of model
disagreement seen in
MINERVA u only CCQE
Maybe (likely?) this is
because of interactions of
the proton leaving the
nucleus?

11-13 August 2014

o to GENIE

1

Rat

v, Tracker — " p ® MINERVA Preliminary

2 2 N . Data
- = GENIE RFG = NuWro RFG
.
o NuWro LFG+RPA ===== NuWro RFG+TEM
Z' 8 - === NuWro LFG+RPA+Nieves
1.6
1.4}
1.2F | . 1
] - S S By e "o,
0.8F e
- Shape Comparisons
0.6 "% "l | |
0 0.5 1 1.5
2 G 2
eV
TEM ~ Qo ¢ )
18 MY{NERvVA * ¥ Tracker — CCQE
16 - LW A=1.35
N — Wr .=0.99 + TEM
I"EJ 1.4 r . NuWr =0.99
g n
s e
= 1} — £3 £ i _f < I
E L — el
= osft
B 5<E, <10
0.6 — Area Mormal
102 10" 1
2 2
Qg (GeV?)
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Multi-Nucleon Correlations

 Inclusion of correlations among nucleons in
nucleus would add another quasielastic like
process knocking two nucleons from nucleus

= Could alter kinematics and rate in a way that would
make a better fit to the data muon inclusive CCQE data

 How to implement? Transverse Enhancement Carbon 12
= Microphysical models ., = Carlson et al. oo
don't yet give complete  § - S

final state description % o seconsesenng A oo

= “Ad hoc” enhancement &' |/ Jo. O orometrization

scaled from electron g ﬁ i Nt
scattering dagta? Tt sl M
(Carlson & Bodek, Budd, Christy) 0 T o5 ) L5 2 25
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Vertex Region Energy

e Vertex region ignored in MINERVA recoll cut

» Therefore selection is mostly insensitive to low
energy nucleons in the final state

3 =0-25
e Study energy near vertex ' "
€
= Vertex is precisely located, so
distance of energy from vertex is
sensitive to range of extra protons B
?00’ r =150 — 200 mm
L,
—_— ? o i
\ s o / a True Proton KE (MeV) o
D,
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Events / MeV

MINERVA: Vertex Energy

MINERVA e v Tracker - CCQE MINERVA ¢ v Tracker - CCQE
300f Area normalized| 33 1100f Area normalized
I V —— MC with syst. error = 10504 —— MC with syst. error
- ++ Background @ 1000} V 772 Background
[ c
200 l‘t ¢ Data & os0| LL ¢ Data
| (11]

Jo0k r < 30 cm

P AL e O~ 00 200 300

Vertex Energy (MeV) Vertex Energy (MeV)

e A trend toward higher vertex energy is observed In
the neutrino data, but not in anti-neutrino data

 Red band represents uncertainties on energy
reconstruction and final state interactions

 Assume extra energy Is due to additional protons
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Fraction of CCQE events

Extra Protons in MINERVA? \(

- Sum of bins: 0.25 = 0.01= 0.09 | £ Sum of bins: -0.10 = 0.01= 0.07
| g
0.2_ .................................................................................................................................................... Ifj 02_ ....................................................................................................................................................
| e
- i s |
0_ ................................................................................................................................................... : 0
_ 9 -
1/ S |7
_ l,l, o | /’l‘
Oy ""B0 100 150 200 Oy B0 100 150
Proton Kinetic Energy (MeV) Proton Kinetic Energy (MeV)

e Data wants to add low energy protons in 25+9%
of neutrino events, but prefers 10+7% fewer

protons in anti-neutrino

e Suggests correlated pairs are dominantly n+p in
Initial state, and therefore p+p or n+n in CCQE
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One model to fit them all?

x10 %103
&8 L L L LS LA NLELELE LA L _"__"1-1'"'|" | T T T T T T TTTITTTIT TN
=16 ___ RFG+RPA+MEC |3 Z 12 ___ RFG+RPA+MEC |3
14 ¥ =27.9 (109.6) |3 . ¥ =16 (109.6) |4
=12 SF+MEC 4 = 10 SF+MEC E
510 T =148 (161.3) |3 3 8 T x?=582 (161.3) |3
o 8 1 s =
o 6 — DATA E © — DATA ]
E ioge 3
< ERE 3
> - E 3
m l:l...l...l...l...l...l... ! G...I...I...I...I... M ! ! -
T 0 02 040608 1 121416 18 2 02 04 06 08 1 12 14 16 18 2
Z QaE (GeV?) Q"QE (GeV?)
= Neutrino Antineutrino
___ SFHMEC W< cosh; <077 g 00<cosh, <03 3 1P 3<cosh, <05 { ___ STHMEC ”'D_QE T <cost, <00 § I 00<coss, <03 ] 14 p3<coss <06 3
=556(1613) 9§ 14 ¥ =323(1613) oy 08 ERE A
s 5 . 1 014 03 ]
s RFG:RPAMIEC 4 : | mrosRPAMMEC 04 N
m & A=439(1096) 3 4 1 ¥2=31.0(1096) 0%.8 03 o
> E i 2 00§ 02 04
o) B —ATA | 1 —oama i o 02
o - T I N R G I R E G i T Ter iy v o e
M ¥, 2 06<0H <07 ] 2 07<cosi <05 § 2 0B <cost,<09 | o 03<cosf<10 |~ FO6<cos6 <07 3 of U7<cosh, <08 § "FUB<coss<B9 ] :; 03<cos5,<10 ]
= %o 1 1. 24 A
= 3 - ;
8 3 14 9
6§ 6]
3 RE - T i I N
T e b T 05 1 15 2 0 05 1 15 2 0 05 1 15 ) 05 1 15
T, (GeV) T, (GeV)
Fit type Y2/DOF | My (GeV) | MEC (%) pF (MeV)
SF+MEC 161.3/197 | 1.33+0.03 | 0 (at limit) | 209 (at limit)
RFG+RPA+MEC | 109.6/195 | 1.02+0.03 Hh810 23017
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C. Wilkinson,
NuFact2014 preview

T2K has been
working to do
exactly this

MiniBooNE and
MINERVA have some
tension between them

Reasonable fit for
Fermi Gas model and
some (but not full)
multi-nucleon effect

This fit I1s also
consistent with D, and
vector form factors
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Summary of CCQE in \(
Nuclear Targets
 There Is evidence for nuclear modification of
guasielastic neutrino-nucleon reactions

= Kinematics of nucleons: Fermi motion, Pauli blocking
= Multi-nucleon processes seem to also be present

 There are other possible effects
= More complete nucleon kinematics (spectral function)

= A suppression is expected at low Q? (long probe
wavelength) from interactions of probe with multiple
nuclel in “random phase approximation” calculations

 Some of these effects contain overlapping
physics! A challenge for the prediction.
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Nuclear Effects iIn Resonance v
Region

* An important reaction like y
v.N—> u pr’ :
(v, background) can be modified in  n /Z\ii
p

a hucleus
e Production kinematics are modified

_ nucleus
by nuclear medium

600

= at right have photoabsorption
showing resonance structure f p\ i gle
= line is proton; data is 12C 2 | fl o [
= except for first A peak,the < | ,b - S
structure is washed out ° w0} | B\
» Fermi motion and interactions of | * T e
resonance inside nucleus 0

1 1 1 1
0 1 2
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Nuclear Effects iIn Resonance v
Region (cont’'d) model of
v

\Y, E. Paschos, NUINTO4

1l
v n-— — 72_0 12 ¢ e e ——— ]
hd a lLl p : ) ‘.-":::}:-i 0" =t >
' @
Interactions

L (a)
u A - L B 'l i
nucleus © 01 02 03 04 05 06 O7 08

P, (GeV)

3

(WGeV)
> L= -]

doldP,
o

before
interactions

L]

e How does nucleus affect nt°

after production? %“
« “Final State Interactions”: %‘u 3

-
i

migration of one state to |
another and pion absorption ™'}
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Approaches to Final State \(
Interactions

* Propagate final state particles through the
nuclear medium with varying degrees of
sophistication where they interact according the
measured cross-sections or models

e |Ssues:

» Are the hadrons modified by the nuclear medium?

= Are hadrons treated as only on-shell or is off-shell
transport allowed?

= How to cleanly separate the initial state particles from
their final state interactions?

= How to relate scattering of external pions or nucleons
from nuclel to scattering of particle created in nucleus?
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Lecture Question #8

 Two questions with (hint) related answers...

1. Remember that W?is...
2 N2 2
=MZ+2M v (1-X) = } W2
the square of the invariant mass of the "
hadronic system. (v=E,-E; x is the parton fractional momentum)
It can be measured, as you see above with only leptonic
guantities (neutrino and muon 4-momentum).
In neutrino scattering on a scintillator target, you observe an

event with a recoiling proton and with W reconstructed
(perfectly) from leptonic variables <M. Explain this event.

2. In the same scintillator target, you observe the

reaction... v **C — 4 pz~ + remnant nucleus
Why might this be puzzling? Explain the process.
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Lecture Question #8

« Both phenomena occur because of nuclear effects!
1. M, >W?=M; +2M,v(1-x)
can only be true if x>1.
That means the fractional momentum
by the struck target parton is >1! This
can only happen for in a nucleon boosted

towards the collision in the CM frame by interactions within
the nucleus (“Fermi momentum”)

VM L
3.v, "C— u pr~ + remnant nucleu%w/
IS honsense in a free nucleon picture.
It is forbidden to occur off of a proton or a n/;\ R
neutron target by charge conservation! 70
But remember...
reinteraction of pions! nucleus ¥
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v

Single Pion Production Data
— Athar et al.
1501 CCir %T\‘ CCin? 5ot + NC trl — Nieves ef al.
. aof |y — GiBUU
od _H_ _ ‘L’ i g '+x
:':‘?-'mn TF - %é——}_*k{— i + B 4 of ‘I‘ + — NuWro
Ot 7/ / "It 2 2 0 e 2 +\\ — GENIE
ey, N—>p N | e viN—>u N 2 v, N >V, TON | e
Siogf ‘H‘_|_ g JT g1 HHF P. Rodrigues,
€ S A e £} .{, S +
VNG O 1o NUINT12
sof L R 10 N
—— =] +_,__:__}__}_ i/ _}.__F 05t + ‘
00 DA 0z D03 D 00 02 04 085 08 10 00 D2 04 06 08 10
T, (GeV) p_ (Gev) p_, (GeV)

 Comparison of models to MiniBooNE single pion

production on CH,

e« Some models do better on one process than another,
but no model reproduces features of all processes

 That's crazy! These are processes related by isospin!
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What is Failing Here? \(

e The honest answer: we don’t know
= Comparison at rightis:

(1) the best model for 3 | H MiniBooE 1 —=— 1
pion production tuned ¢ ! / -ih WinFSE =]
to electron scattering = | / l“iii

+ (2) a sophisticated & 4] "iih

final state model tuned |/ = T
to photoproduction 0 01 02 03 04 05

T, GeV

e This disagreement is large compared to
precision needed for current oscillation
experiments
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Adding Confusion to v
e Confusmn

o

— x10*
c 22 —+— Data — -
Q o —— GENIE 2.6.2 B e e e L AR A & MiniBooNE data
2 20: M I N E RVA ..... GENIENoFSI 14 — GENIE 2.6 noFSI
g 18{ —_ C GENIE 2.6 hA FS1
< 16 = 120 |
> : B - - —
2 % 1of MiniBooNE -
a 12t S - ]
E 10rrs S g E
-9- 8: i = - ]
B o E : 6 I —]
= 6l A .
3 4 SR =
'8 2 -’ Data-GENIE 7¥/ndf = 18.13/6 = 3.02 = C ]
- Data-NoFSI z3/ndf = 93.32/6 = 15.55 2 —

pova d e Lo Loy v a bew o b o g p o by L
0 50 1 00 1 50 200 250 300 350 400 v b b b b b v b v v v g Ly
50 100 150 200 250 300 350 400

Pion KE [MeV]

CJO

n* Kinetic Energy (MeV)

v, Tracker — p" 1n* X (W < 1.4 GeV)
x10*2
hape Errors Only (MC =0.72)
181 2.99e+20 POT —* Data

16 — eiorn Data from MINERVA on CC1t1rt

14E + MINERVA
%

-----

12; shape = No obvious evidence for the shape
o disagreement seen by MiniBooNE.

=T = MINERVA rate appears different
oo oo = Difficult to draw unifying conclusions

e e b b Ve n Lo ww b n e a lun g
0 50 100 150 200 250 300 350 400
n* Kinetic Energy (MeV) in McFarland: Interactions of Neutrinos 135

do/dT_ (cm?/MeV/nucleon)
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D, : Disappointing Data?

 |deally to resolve our pion
Understanding

conundrum, we would go to
reliable nucleon level data r
= Unfortunately, we don’t have it.

1.2 | | | | |
vup — popTT
i- -

T 08
£ o6k % B i >,
% ’% ,.'.111"".:":"':_-'.-'.-'-'-'- —- — D (—D‘
e 04 - a.ta on %
02l @ Hernandez | nucleons =
0 / | 1 | | A ?n
0 1 2 3 4 D 6

E(_ée\-”)
 eN vs. eA data: our only hope for
exclusive states? (MINERVA is
proposing a D, target, but for DIS.)
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\(

Nuclear Effects in Deep
Inelastic Scattering
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For Inclusive Scattering, \(
Does Nucleus Matter?

 In high energy limit, calculate of strongly coupled

system should be “easy”. However...

 Nucleon are not at rest
In nucleus (Fermi motion)

e Nuclear medium may modify the
structure of free nucleon

» Evidence of this from inclusive
charged lepton scattering .

 Less important: final state /.... ~9
@

Interactions, since you don't
care about exclusive final states
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Is the DIS Limit Simple?

 Well measured effects in charged-lepton DIS

* Maybe the same for neutrino DIS; maybe not...
all precise neutrino data is on Ca or Fe targets!

= Conjecture: these can be absorbed into effective

nucleon PDFs in a nucleus

Anti-shadowing

0.001 0.01 0.1 / 1
2 3 4567 3 4567 2 3 4567
1_1:|_""| | I | I I LU 1.1
shadowing \— B Fermi
1.0 \ H 1.0 motion
a8 E "
m - il -
~09F T I i R H 0.9
X E——r . RY |
= E — T e SLACES7Fe/D -
0.8 i/g/ m SLAC E139 Fe/D Hos
S A E665 Ca/D 5
- —— Parameterization -E\
- Error in parameterization [
0-7 q-... 1 1 1 IIIII 1 1 IIIII el 1 | I = 0.7 EMC eﬁeCt
2 4567 3 4567 2 3 4567
0.001 0.01 0.1
X
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But that conjecture may be v

wrong...
T 1.2 ¢ 18x10”° POT v beam on deuterium i“ 1.2 ¢ 18<10” POT V beam on deuterium
g Fit of NuTeV vFe data/CTEQ (p+n) i Fit of NuTeV vFe data/CTEQ (p+n)
A I Kulagin-Petti Model T [ Kulagin-Petti Model
1.15 ulagin-Petti Node 1.15 ulagin-Petti Mode
------------- SLAC/NMC with e or 1 beam ---------- SLAC/NMC with e or 1 beam
1.1 1.1
1,050 e 1.05F | e
£ F S S T A
0.95F 0.95(
0.9 0.9
0.85 0.85F
0-8__IIlllllllIIII'II"'I'"'I""I' 0-8__|||||||||||||||||||||||||||||||
0 0.1 0.2 ) 0.3 04 05 0.6 0 0.1 0.2 0.3 0.4 0.5 0.6
Bjorken x Bjorken x

Curves from: Ingo Schienbein et al., Phys.Rev.D80(2009)094004; PRD77(2008)054013

* Only answer Is to measure... red points would have been
precision of MINERVA experiment if it could have added a
deuterium target in the NOVA running of NuMI beamline.
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Comparing Light and Heavy v
Nuclei?

B. Tice et al, Phys. Rev.
Lett. 112 231801 (2014)

« Can’t compare to D, data, but can 1_:zxa.-rdf= 25,876 = 4.31
compare different nucleil R =
. MINERVA has an analysis on CH, ® ‘
Fe and Pb targets 3 :El__{__l
= This is at low energies and includes o el

o]
[
=)
[
Y
=
@)
=]
o
L}
ma
.

substantial elastic contribution T yam

2.0

= Remember that this can be confusing _Eyridf = bs.46l6 = 9.74 ‘
from the duality discussion... 50 E wpaa i
= Repeating now in NOvA-era beam 3°
with more inelastic events 2 |0y oF
3 & .
« That said, this data Is not T —
explained by nuclear effects i S U U S S B

seen in Charged Iepton Scattering Reconstructed Bjorken x
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Thoughts on Effective Models and
Neutrino Interaction Generators
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The Problem of the Nucleus i1s v
Very, Very Hard

Measurements

- (Neutrino

E&%(gglle scattering or
related

\ \processes)

e QOur iterative process uses data to improve models

 Our models are effective theories, ranging from pure
parameterizations of data to microphysical models with
simplifying assumptions.
= “Effective” has both positive and negative meanings, but in particular
here | mean that these are not first-principles calculations from QCD.
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The Mosel Paradox \(

We don’t have models which fit (all) the
available data, although many models provide
valuable insight into features of this data

Theorist’s paradigm: “A good |
generator does not have to fit the |
data, provided [its model] is right”

Experimentalist’s paradigm: “A
good generator does not have to
be right, provided it fits the data”

Ulrich Mosel, first articulated at NuINT11 conference
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Feynman Weighs In... \(

“It doesn't matter how beautiful

your theory Is; it doesn't matter
how smart you are.

If it doesn't agree with
experiment, it's wrong.”

— Richard Feynman

This Is surely true, but
iInvalidating one side of an
argument doesn’t make
the other side correct!
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Counter Argument

e EXxperimentalists can do (and have done, and
will do) shameful things when confronted with
data and model disagreements!

' = . . 10°°
- MInIBOONE OSCIlIatlon §18§ o MiniBooNE data with shape error
- . o 6; T RFG model (M{'=1.03 GeV,x=1.000)
analysis approach: T N cameofasomensn

12

* Modify the dipole axial B0
mass and Pauli blocking 3 8
until model fits data.

= But there is nothing
fundamental backing this 2040808 T 12 1 Gev)
approach. It's a mechanical convenience to
parameterize the data for the oscillation analysis.
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Counter Argument (cont’d) \(

 What we now believe about the MiniBooNE
oscillation analysis approach:

" In a simplistic view, there v n—up + v“(np)corr—m pp
are neglected contrlbutlonsff'ﬁ: e e IR I

o ol QE bare V +
from multi-nucleon pairs. 7 g ou R
. E E— QE+np-nh RPA - - E
= Those pairs alter the S sp “Maitini etal, A0
. . < I PRC 81, 045502 (2010) '
klnematlcs © 00 0.1 0.2 I 0.3 04 ﬂﬁE FC(: ()]7 08 ()9 1 1.1 I 1.2
- L eV
= MiniIBooNE got its energy L. R e
reconstructionwrongby ¢ /ot R 28
S 4 /. o, BemBMeVE - o
picking the wrong physics < : / . Lalakyfich & Mosel,| = < o
g 1E) arX|V 208.3678 | € 5 o
to modify. s it [l
. . | ] & a r  reconstructed E, — = =
= OK within uncertainties? % |/ - . . NEE
NG 1T AN 5 Q
If so, only by luck. I S | B N g
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T
S «f J ----- NEUT nominal
2 b
= — Bestfit
Bl
R — MB CCIn” data
- N _i
=2
= 15 _
10}
SEg
L S e R
=
g 15——d_ L
2 i i
T T g
...... —
N
] T3 L T8 ] 1 I3 I.
P, (GeVic)
(a) CC1x" |p,o|

4

3\“Tuned” Rein-Sehgal

P. Rodrigues, NuFact 2012
and NuINT12

Rein-Sehgal
[Ann. Phys. 133, 79-153 (1981)]
implementation in NEUT

to modify QZ? distribution,
pion spectrum, rate

—---- HEUT nonunal
— Best fit

—+ MBNCIn® data

e But what else can experimentalists do? Mea culpa.
« T2K finds poor agreement between Rein-Sehgal and

MiniBooNE v ,N—pm*°NO and v,N—v,m°N data.

e Ad hoc tuning “breaks” assumptions of underlying model,
e.g. CC-NC universality of process and relation among

resonances, to force good agreement.
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E‘ lrr' } }
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05 t
B S T N 1§ 1 13 I
p_, (GeVig)
(c) NClx" |p,o|
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Conclusions
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What Should | Remember from \Q\/
These Lectures?
e Understanding neutrino interactions is necessary for
precision measurements of neutrino oscillations

e Point like scattering: weak interactions couple differently
to each chirality of fermions, neutrino scattering rate
proportional to energy (until real boson exchange)

e Target (proton, nucleus) structure is a significant
complication to theoretical prediction of cross-section

= Particularly problematic near inelastic thresholds

 Our best models are incomplete, and even those best
models often aren’t the ones in generators

* Resolving differences between data and models is a
major conceptual challenge
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Supplemental Slides
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SUPPLEMENT:
Scaling Violations of Partons
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Strong Interactions among v
Partons

Q2 Scaling fails due to these interactions

2q(x,Q°%) _ &,(Q%) I dy
ologQ° 27 5y

y’ X 5 X
.sca.l\'qsoﬁ |:PQQ(yjq(y’Q )+qu(yj :|
“Sea quark
R Q‘
60) | *Pqq(x/y) = probability of finding a quark with
1»\/@'9 scale violptions momentum X within a quark with momentum y
) ccala *Pqq(x/y) = probability of finding a g with
3 momentum X within a gluon with momentum y
P (2 )_4 1% +25(1—17)
3(1-2)
o > Py(2) = [ ( ]
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Scaling from QCD

o~
o
B "h"l\
,*/_+\V.\.\
o \ \Jr
= .
B \+ GGM vV
rr ° X (3 GeV)
Fa(x)
: \ Wb
I R
SLAC ed
“  (15GeV)
i 'Y
b\
01 f—
o coHsw
(100 GeV)
| | | |
0 025 05 075 1.0
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T T l]l‘ll] T T T
0<x<0.03 FZ(X,QZ) .
Observed quark 1.0EM’*A/ Sy k
h distributions vary 10}% E
' 2 v b
with Q :g@_ . ‘pgmmer
1‘0;:_ WO.Z‘:MO.B —:
' R - SR
Scaling well 05 \’M:*‘:"—ij\ _
modeled by ‘ B + 4 s
. 4
perturbative QCD ¢ + .
with a single free b
0.1— il
parameter (o) ; ++ { ogercan
] | | ||
1 5 10 50 100 200
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SUPPLEMENT:
Massive Leptons (Taus) and
Quarks (Charm) in DIS
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al Ciran Sasso (pot GeV )

vy Sluence

Goa

e 0.15 MWatt source

* hig

e 732 km baseline
* handfuls of events/yr

-9
x 10
0.4

0.35
0.3

0.25

o
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0.1

0.05

0
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Opera at CNGS

|: v_ appearance

h energy v, beam

P

*
0sC o

T CC

Am2= 3 10-3eV?

(arbitrary units)

v“ fluence ,

10 15 20 25 30 35 40 45 50
E (GeV)
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oscillation probability
but what is this effect?
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Lepton Mass Effects in DIS

» Recall that final state mass effects vo b oo, ey T
enter as corrections: dong foremmmrem e ]
2 2 .00 2 -
1- mlepton s g mIepton B
Spoint-like XSnucIeon ...I-:

= relevant center-of-mass energy is
that of the “point-like” neutrino-
parton SyStem 0000
= this is high energy approximation

« For v, charged-current, there is a 3
threshold of 3
_ 2 .4 ;— ctw Ba e B —;
Smin S (anC|eon + mT) 0.z ;— —————— P P LI o K P L o —;
Where " | — I“;“ I = ““Illll'. I = I““llll: II'-\,,.lI';-:.l:\-'L":III
a 2
Sinitial o mnucleon T 2Ev mnucleon (Kretzer and Reno)
2 -
. m°+2m.m This is threshold for partons
E > T 7' 'nucleon 3 5 GeV _ :
- By om - with entire nucleon momentum
| h”UC'eon = effects big at higher E, also
"mnucleon ) iS I\/IT €ISEwWnere, n n .
but don't want to confuse with mT... Kevin McFarland: Interactions of Neutrinos 157




Lecture Question: v
What If Taus were Lighter?

Imagine we lived in a universe where the tau mass was
not 1.777 GeV, but was 0.888 GeV

By how much would the tau appearance cross-section
for an 8 GeV tau neutrino increase at OPERA?

2
mass 1— mlepton
a v M iy MY

suppression: a4 F v, Ml i,
pp XSnUC|eon 0.z E—\A —————— n,_,L['.',NL"n,L,.H.':,N]

Ll L1 1111l
=

= [ Lo -
S Mg 2 E, Myl 1GeV 10 GeV 100 GeV

nucleon

(a) O\ ight Tau _ 1.4 (b) O\ight Tau _ 2 (c) O\ight Tau _ 3
GReaIity GReaIity GReaIity
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11-13 August 2014 Kevin McFarland: Interactions of Neutrinos



Lecture Question: v
What If Taus were Lighter?

Imagine we lived in a universe where the tau mass was
not 1.777 GeV, but was 0.888 GeV

By how much would the tau appearance cross-section
for an 8 GeV tau neutrino increase at OPERA?

2
mass 1— mlepton
a v M iy MY

suppression: a4 F v, Ml i,
pp XSnUC|eon 0.z E—\A —————— n,_,L['.',NL"n,L,.H.':,N]

Ll L1 1111l
=

— ' K} (e i} | Il';;l:."':'u"l
Snucleon _ mnucleon + 2E mnucleon 1 éeV 10 I(3eV ]_00I GeV |
O, ; O, . O, .
Light Tau Light Tau Light Tau
() ~14 (b) —/—=%~2 | (c)—/—=~3
GReaIity GReaIity GReaIity
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Lecture Question: v
What If Taus were Lighter?

By how much would the tau appearance cross-section
for an 8 GeV tau neutrino increase at OPERA?

2
mass 1— lepton
v, | I."i.'ll' el i

. 0.4 F
Suppression. -
PP XSnUC|eon 0.z ;\A —————— Tecivy Mo (v, Nj

Numerator goes down by factor of 0 f el "
four. Equivalent to denominator 1GeV 10 GeV 100 GeV
increasing by factor of four and tau

mass unchanged...

:m2

nucleon

S + 2 Ev mnucleon

/' O-Light Tau __ 3

energy term dominates... O Reality
so set energy a factor of four higher

nucleon
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at Gran Sasso (pot GeV m”]

vy Sluence

Opera at CNGS

Goal: v_ appearance
e 0.15 MWatt source

* high energy v, beam
e 732 km baseline

 handfuls of events/yr 1.8kTon [P
x(:ig Rsc” Or oc (arbitrary units)

Am2= 3 10-3eV?

0.35

0.3

0.25

o
(V]

0.15
v“ fluence ,

o fires courtesy D. Autlero

0.05 what else is copiously produced in

E (GeV) and decays to hadrons?
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Heavy Quark Production

* Production of heavy quarks modifies
kinematics of our earlier definition of x.

= Charm is heavier than proton; hints that its
mass is not a negligible effect...

(9+¢p) =p?=m >
q° +2¢peq+¢*MP=m,’ vote different definituon
; m
Therefore ¢ = — g’ +m; of ffﬂﬂilﬂllﬂ/ momen.
2peq
r=Qm” _QF4m
~ 2Mu  Q?/x
m.° “slow rescaling” leads to
=X 1+— kinematic suppression of
Q charm production
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Neutrino Dilepton Events

* Neutrino induced charm production has been extensively studied

= Emulsion/Bubble Chambers (low statistics, 10s of events).
Reconstruct the charm final state, but limited by target mass.

= “Dimuon events” (high statistics, 1000s of events)

d
V”+(sj_)ﬂ+c+x’ Cou +v,+ X'

- d _ R =
vﬂ+[ J—>y++c+x, Cou +v,+ X'
S

G0N Evenc- 104345 Igote | Oeve: Tho May B 16:20:21 155mmn. 14,

e | |2 | 1B - 0BT o 43

i, =

SN |

y=view

441

E=¥iew
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SUPPLEMENT:
NuTeV Measurement of Strange
Sea
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Neutrino Dilepton Events

 Rate depends on:
= d, s quark distributions, |V 4|
= Semi-leptonic branching ratios of charm
= Kinematic suppression and fragmentation

'm:milupmnlr: Decay
figure courtesy D. Mason

Detector Smearing
® Acceptance — [ Measured ]
E,2>5 GeV

Fr mmﬂ nt:a Hnn

LI =|r:n:|
rms quﬂlum

511' mﬁu
| | | Antlﬁtmnﬂ,ﬂ

Seas

\\iﬁ
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NuTeV Dimuon Sample

5 _-| Enu 86,28 mi:?itﬁ;:'ﬂ?zfmm?&;i. Enu 86,20 ® LOtS Of data!
¥ 0.324 by 0.558 SNt
0.4 1 | o8 - a8 H \%\ . . 1
'y DI b N « Separate data in energy, x and y (inelasticity)
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QCD at Work: Strange v
Asymmetry?

e An interesting aside...

» The strange sea can be
generated perturbatively from 9
g—s+sbar.

= BUT, in perturbative generation
the momenta of strange and anti- =
strange quarks is equal

o well, in the leading order splitting

at least. At higher order get a
vanishingly small difference.

» SO s & sbar difference probe
non-perturbative (“intrinsic”)

strangeness

o Models: Signal&Thomas, (Brodsky & Ma, s-shar)
Brodsky&Ma, etc.
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NuTeV's Strange Sea

e NuTeV has tested this 2

= NB: very dependent on what is
assumed about non-strange sea

= Why? Recall CKM mixing...

V. d(X)+V_S(X) = s'(x)
Vd(X)+V S ->5(x)  f

small ~ big
= Using CTEQ6 PDFs... R S
x| x(s~s)|=0.0019+0.0005+00014 .}
c.f, jdx[x(s +§)J ~0.02 ﬂ_ﬂgﬂzﬁn
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SUPPLEMENT:
NuTeV sin<6,,
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NuTeV at Work...
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DIS NC/CC Ratio

« Experimentally, it's “simple” to measure ratios of neutral to charged
current cross-sections on an isoscalar target to extract NC couplings

Y I \ Y
\WE/ Y

W-q coupling is |5 Z-q coupling is I;-Qsin24,,
_ « Holds for isoscalar targets of u and d
Llewellyn Smith Formulae quarks only
) . = Heavy quarks, differences between u
R _ One (U 2 . d )-I— ol (U +d ) and d distributions are corrections
v(v) L gv(v) * Isospin symmetry causes PDFs to
. drop out, even outside of naive

guark-parton model
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Lecture Question: \Q(
Paschos-Wolfenstein Relation

Charged-Current Neutral-Current

e |f we want to measure electroweak parameters from the
ratio of charged to neutral current cross-sections, what
problem will we encounter from these processes?
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Lecture Question: z
Paschos-Wolfenstein Relation

Charged-Current Neutral-Current

A% LL Vv A%

s,d ¢ / s,d s,d

! . S 014 charm 0
e CC s suppressed due to final state 2,1, - o RTe
O E
charm quark VAN
—> Need strange sea and m, £ 0.06
o 0.04 |
= Remember heavy quark mass < 002 ¢

effect: 2 0 36 700 150 200 250 300
x > E=x[1+T/, E (GeV)
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Lecture Question: \ﬁ(
Paschos-Wolfenstein Relation
e The NuTeV experiment employed a complicated

deSIQn to measure Paschos - Wolfenstein Relation

R™=Ne —2Ne _ 52(1_sin? 4, )
Occ ~Occ
 How did this help with the heavy quark problem
of the previous gquestion?

Hint: what to you

know about the o(vq) and o(vQ)
relationship of:
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Lecture Question: \Q\/
Paschos-Wolfenstein Relation
e The NuTeV experiment employed a complicated

design to measure Paschos - Wolfenstein Relation

1% 1%
- _Onc TOnc . 2(1_ ain2
R™ = e 9 (7%sin’ 4, )

1% 1%
Occ —Occ

 How did this help with the heavy quark problem
of the previous gquestion?

o(vq)=o(vQ) ~.o(vq)-o(vq)=0

G(Vq):G(V Q) So any quark-antiquark
symmetric part is not in
difference, e.g., strange sea.
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NuTeV Fit to RYand Rwar

e NuTeV result:

sin > 6" *"" = 0.2277 + +£0.0013(stat.) + 0.0009(syst.)
=0.2277+0.0016

(Previous neutrino measurements gave 0.2277 + 0.0036)
« Standard model fit (LEPEWWG): 0.2227 + 0.00037

A 3o discrepancy...

RV

op = 0.3916 £ 0.0013 041
(SM :0.3950) <«= 3o difference ; 50'405
Ry, = 0.4050 +0.0027 o
(SM :0.4066) <= Good agreement
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0.4 |
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68%,90%,95%,99% C.L. Contours, Grid of SM £ 1o mtop, My

Large my,,

/

Large My

E_| | \
0.388 0.39 0.392 0.394 0.396

v
R exo
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NuTeV Electroweak: \Q\/
What does it Mean?

e If | knew, I'd tell you.

|t could be BSM physics. Certainly there is no
exclusive of a Z' that could cause this. But why?

|t could be the asymmetry of the strange sea...

* |t would contribute because the strange sea would not
cancel in

* put it's been measured; not anywhere near big enough

It could be very large isospin violation

= if dy(x)#u,(x) at the 5% level... it would shift charge
current (normalizing) cross-sections enough.

* no data to forbid it. any reason to expect it?
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SUPPLEMENT:
Inclusive Scattering on Heavy
Targets
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Measuring Inclusive \(
Interactions
 Much of the data we have Is at high energies

» Neutrino flux is usually poorly known. Common
wideband technique is “low recoil” method which uses

the observation that lirr(l)% IS independent of E,
iV

= Cross-section normalized from narrow band expt’s
which counted secondary particles to measure flux
e Typical goal is to extract structure functions
2xF,(x,Q2), F,(x,Q%) xF3(x,Q%) from dependence
Iny and E,,.
 Most recently, NuTeV, CHORUS, NOMAD, MINOS
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NuTeV CC Differential v
Cross-Sections

Phys.Rev.D74:012008,2006

 NuTeV has a very e
large data sample on iron

N L
L |

= High energies, precision
calibration from testbeam : * +--

» Uses: S e TV

ne

= Extract structure functions 1 | e __
for comparisons with other o .-
experiments e :

.......
COHSW Dala o
Moed |
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CHORUS and NOMAD

T = this analysis ¥ - CCFR 3 - CDHSW
2.0} x=0D.020 x=0.276 ¥ £
- ICCFA x.0.01E,0.025) o OV # 4

1.5} CoHEwx D;;gi & g ¥ ™ Z: $#¢*$§#%$§ |

1.0f e o7 # | L
2%, : o L ® 111

2.0} x=0.045 w=0_250 - Hoa-Farln
ICCFA X=0.035,0.050) T ¥ J

=1 & E g i ? H‘##: r Il

1.6 g*t'a'i$¥ z.: H'ﬁ#*#$$* U o 1 I|I

1.0 +_a'¢ ’ I O =l

18| x-0080 é ol ® 0.450 # o G

1| SO RRAEEE £h% : #ﬂ' ] = - PDG

1.2 L . q.#ﬁ 0.4 44‘# 1 _ L

e A 03 g 3 ol

1.4} ICCFA x=0.110,0.1 400 ] “E

1zl $i%%\‘;§i#$ Di #‘*'H,H 5 ors [

1.0} ++ ’ ﬁ**"#% ;: | |i *
x=0.175 x=0.850 =7 i ‘ ‘
ICCFA %= 0.180) * 0.2 * b go- 1 4 ___ - | _J L]

12 * F i 1 1
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fitidnby CHORUS vPb |

0.T0Z 05T 2B {070 5070000 CrOSS-SeCtlonS -

Phys.Lett..632(2006) 65 S T

E, (GeW

NOMAD vC CC total cross-sections
Phys.Lett.B660:19-25,2008
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Nuclear Corrections and v
High-x PDFs

CTEQ global flt compared to neutrlnos

LT(\'FG“OI' \::Pb) 1'5E| U] 4 NUTEV neutrinos o ] S NUTEV neutrinos R R
0(\' D3 ) 140 ®  NUTEV anti-neutrinos - 145 ®  NUTEV anti-neutrinos E

E_ Chorus neutrinos _E 1 3:_ Chorus neutrinos e

> 1'35 ¥ Chorus anti-neutrinos 7 > TF ¥ Chorus anti-neutrinos % 3

o 12f 3 o 124 i =

Q £ ] Q go i ot ! 3

£ VR, v, }— £ MEe, ] L

8 il te, . E . f % 15 { R TR B }E

8 i i b3 8 F e z

% 0.95— 1 —5 g 0.95— : _E

- s 08 1 = %% After “Kulgain-Petti style” -
Figures = ¢ No attempt to apply 1 = Tp Alter "Kulgain-Petti style” -
courtesy ¢ nuclear corrections - 07 nuclear corrections
, 0.6 = 0.6 -

J. Morfin : ] : E
JIlIlJlJlI Ll L1 ] LA L1 | Ll Ll | Ll l] L1 I Ll L1 0 Ll Ll | Ll Ll l Ll Ll IJ Ll ] Ll II L Ll | Ll Ll l Ll Ll

% 01 02 03 04 05 06 07 08 % 01 02 03 04 05 06 07 08

Parton X Parton X

= There are two confusing aspect of these comparisons

We observed problems before in nuclear corrections from models

Also, some strange behavior at high x... difficult to incorporate both data
sets in one model

11-13 August 2014 Kevin McFarland: Interactions of Neutrinos 182



MINOS Total Cross-Section

o Attempt to bravely extend low recoll technique to very
low energies

= “Low recoil” sample is visible hadronic energy below 1 GeV, so a
fair fraction of the cross-section at the lowest energy (3 GeV)

EE x 107 cm2/GeV

082 — T 038
0.80 _ —— MINOS -
e Normalization error L . : h
. — world cross-section 30-50 GeV ] 0.36 M | N O S P re | Imina ry
0.78 ~ % -
0.76 . . O 034 - ... S || 7]
I MINOS Preliminary - ¢ [t t 1 |
0.74 . S 032F U {' } I :
072 | neutrinos Rk AN ;
b BHLUTE oo eer anti-neutrinos
oeg — ________ - _J__I I . o Normalization errer
D66 T S ._.-.______----__---_-_-_-.-_-_-I-_--:_--;-_-_-l | 026 — world cross-section 30-50 GeV —
0 1IEII 20 3lu' II4ID | 50. o 10 E 3 40 50

Neutrino Energy(GeV) Meutrino Energy(GeV)

Phys.Rev.D81:072002,2010
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SUPPLEMENT:
Experiments to Measure GeV
Cross-Sections
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Energies and Targets of v
Cross-Section Measurements

Modern Neutrino Cross-Section Experiments

10°E
- MiniBooNE
B SciBooNE
MINOS
102 = NOMAD
S - K2K
D —
0 -
S
. 10
LLl

|_I.
T TTTT]
mi——

| | | | | (Compilation from D. Schmitz)

-1L 1 [ R [ L1 Lo L1

10 0 50 100 150 200 250
A of nuclear target
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Energies and Targets of v
Cross-Section Measurements

Modern Neutrino Cross-Section Experiments

10°E
- MiniBooNE MINERvVA
B SciBooNE
MINOS MicroBooNE
10% NOMAD T2K
p— —
% - KZ2K
w -
— Ar
. 10
L =
_ HellC Fe Pb
1 = 0
- (Compilation from D. Schmitz)

10—1 | | | | | | | | | | | | | | | | | | | | | | | | | |
0 50 100 150 200 250
A of nuclear target
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Technologies of “0Old” v
Experiments

« BooNE and K2K: both have Cerenkov and Scintillator
Bar detectors for measuring neutrino interactions

= Cerenkov detectors have uniform acceptance, but high
thresholds for massive particles

= Scintillator bar detectors usually have a directional bias, typically
smaller and may not contain interaction, but thresholds are lower
than Cerenkov and particles can be identified by dE/dx

« NOMAD: drift chambers in an analyzing magnet

= Good momentum measurement and possibly better particle
identification by dE/dx, but diffuse material makes photon
reconstruction difficult

« MINOS: coarse sampling iron detector
= Difficult to distinguish particles other than muons, but very high rate
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Technologies: Cerenkov v
Detectors

« Cerenkov gives
efficient muon or
ely identification e Muons

e Also, tag soft ® full rings
pions by decay

Close Michel _® Electrons g
® fuzzy rings

vV -
i P ® Neutral pions P
u-+.——ﬂf?rlMiChEI e double rings R '.'.."'l""'.
M IR
3 E ' St v

Figures from M. Wascko

]-'1 200000 A0 SO SO0 10O T 200000 14000 TGO 18000
Hit Time (ns)
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Technologies: Segmented v
Scintillator

* Lower thresholds, particle ID by
dE/dx, calorimetric energy
reconstruction

" |.e., vertex activity

o But detectors must be smaller
(cost), so escaping particles

e Reconstruction not

uniform in angle ':..“ ;
'I-‘ p :'i
'.I'* | ;I‘P
t-u:-"'“-". L n'*’tl
e 08 -
Tl i

Figures from M. Wascko
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Current and Near Future v
Experiments

MINERVA: In NuMlI at Fermilab

» Fine-grained scintillator detector
= Nuclear targets of He, C, H,0, Fe, Pb

T2K 280m Near Detector at J-PARC

» Fine-grained scintillator, water, and
TPC'’s in a magnetic field

NOvVA near detector: to runin 2014

= Segmented Liquid scintillator in off-axis
beam

MicroBooNE: to runin 2014
= Liquid Argon TPC in FNAL Booster Beam JERON
= Some data from ArgoNeuT, a testin NuMIl = SX.

11-13 August 2014 Kevin McFarland: Interactions of Neutrinos

190



MINER vA Detector v

VetoWall
Cryotalfge ! H”m

m
ui\!I\|||\|||!|IHI||hn|||
||||||\|||||IH|HI||H|||||||

| \HHHHH\HﬂHHHHHHHHHHHHHHH

120 modules
» Finely segmented scintillator |

planes read out by WLS flber |
= Side calorimetry

Signals to 64-anode PMT’s "m

Front End Electronics usincj|i
Trip-t chips (thanks to DO)

Side and
downstream
EM and hadron
calorimetry
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ToOwER 5

X-View

ToweRr 2

v Events in MINER VA

e So what does an event look like in MINERVA....

3 stereo views, X—U —V , shown separately

beam direction

=
&
E

I I I I I I I I 1 I
looking down on detector E
S

L . " }

I I I I I I I I 1 I
&
E

X views twice as dense, UX,VX,UX,VX,...
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ToweR 6

Particle leaves the
inner detector,
and sftops in outer
fron calorimeter

V-ViEwW

1
g2t color = energy

Tower 3

Muon leaves the back
of the detector headed
foward MINOS

2 4 6 8 10
Hit Energy (MeV)
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v Events in MINERVA °

« Charged-current Quasi-elastic candidate

TOWER 5

Tower4

)

X-View

U-VEw
V-ViEW

} [T 10

Tower 2

| S T T T T I'.f T T T T P | L I | T T T T T T T T L T | S | | B | | Ea T T 5I 1‘0 /wey

Tower 1
Tower 3

Tower 5

« Single Electron Candidate DATA

X-Wiew

Towen 2

Ccne v =5 e °© —
g Y *
8 £ |
4 ™
= z . = =4 o
[T b R
F:',r 3 ! Lio0
B cmagpy ‘"'l"
% ! — . + T -
‘I
e i t 1 10
R iie
[ Tl 1 ! ‘H nM;
| L0 e
— 22 B2 =2, __ == T 1 I T T
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BT INNENNNRNNNNREIERAN - HERIN ({11 _ g i B3 1
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XVEw  TOWERS

TOWER 2

X-View  Tower§

TowER 2

v Events in MINERVA °

» Charged-current DIS candidate

: | :
........... de  OOENT e & OOE T R,
' g i § peect Imo
| T3
] L L : 10
s 1 M
IIIIIIIIIIIIIIIIIIIIII a 10 15 Mel/
. Charged-currerlt DIS candidate .
R £ g Booo]
sl
FEREA i e IO 11
. | IO 0
lllllllll T _ - T T T T T T T 1 10 20 MW
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T2K Near Detectors

Off-axis detector

T2K Near Detector
Suite

* Understand the neutrino
beam before oscillations
occur

* On— Axis Detector
* Monitor beam direction
* Monitor beam intensity

» Off — Axis Detector

* Beam flux

* Beam v_contamination _
On-axis Detector

* (ross sections INGRID

slide courtesy of R. Terri
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Off-Axis Detector

+ UA1 Magnet 0.2T field

* Includes a water target in POD
and Tracker VA1 Magrut Yohu See Dytman talk
* Understand interactions at SK ' '

* Tracker Region

* Fine Grained Detectors (FGDs) &
TPCs

* Particle Tracking
« POD

* Measure NC r° rate
« ECAL

* Surrounds tracker and POD Barrel ECAL

* (Capture EM energy
« SMRD

* Muon ranging instrumentation in
the magnet yoke slide courtesy of R. Terri

Davnairanm
l ECAl

Kevin McFarland: Interactions of 196 11-13 August 2014
Neutrinos



NOVA Near Detector

e Scintillator extrusion cross section of 3.87cm x 6cm |,
but with added muon range stack to see 2 GeV

energy peak Range stack: 1.7
Veto region, fiducial region meters long, steel

Showerwem e CatCher i \\\ ., interspersed with 10

active planes of

g \_V,,,f > liquid scintillator
w 3 *First located on the
‘ surface, then moved
{ . to final underground
£ location
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MicroBooNE

 Liquid Argon TPC The:

(2.5m)?x10.4m long

= 150/89 tons 3mm wire pitch
total/active To go on
= 30 PMT’s for Booster
- : Neutrino
scintillation L2 : Beam
light e ] Axis
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Technologies: Liquid Argon

 Very low threshold, excellent
particle 1D
= Even electron/photon separation!

PR
ol ElECIronS g
=

gammas
separation at >90%

0.0z |

g i . e e

AFR/AY me=

e Reconstruction is not always so
straightforward with this level of

detail available

11-13 August 2014

'''''

600

E |

= 300
400~
il
a0}

100

(LERLLLL

v}

proton
L B T[T TR
NCPI0 event (hackgmunﬂi/
|'-"I.| |.] IF‘ll.rl.:'::_ll I.

T“ p

' Gamrr'fe.l;i_p__}-_
Proton

Figures from G. Barker
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Future Experiments ata v
Neutrino Factory

e Early on in the consideration of neutrino factories, this
possibility was pointed out by a number of groups
= Concepts for experiments tried to leverage flux in high energy beams
* Precision weak interaction physics through ve— ve
» Separated flavor structure functions through neutrino and anti-
neutrino scattering on H, and D, targets
e EXpect proposals for these experiments, or sensible
versions thereof, to match parameters of whatever we

eventually build D. Harris, KSM, AIP Conf.Proc.435:376-383,1998;
AIP Conf.Proc.435:505-510,1998,
R. Ball, D. Harris, KSM, hep-ph/0009223
M. Mangano et al. CERN-TH-2001-131, 2001
l.I. Bigi et al, Phys.Rept.371:151-230,2002.
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Slides with Animations
(not good for PDF)
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Nuclear Effects in Elastic v

Scattering
e Several effects:

* |n a nucleus, target nucleon has some initial momentum which
modifies the observed scattering

o Simple model is a “Fermi Gas” model of nucleons filling available
states up to some initial state Fermi momentum, kg

\ O

= The nucleon is bound in the nucleus, —‘\
So it take energy to remove it /
= Pauli blocking for nucleons not @ o
escaping nucleus... states are already O O /
filled with identical nucleon B Ke
= Qutgoing nucleon can interact with the target
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