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Who am |?

This is the start of my fifth year as a prof at York U.,
with a joint appointment with Fermilab.

Before that, | worked 20 years as a Scientist at Fermilab |

Before that, | was a postdoc for U of Rochester, also
doing a neutrino experiment at Fermilab

Before that, | was a grad student at U of Chicago,
working on a Kaon Experiment at Fermilab
Have seen different aspects of particle physics:

* Graduate thesis looking for CP-violation in rare Kaon decays

* Spent postdoc years studying weak interactions
with high energy (¥100GeV) neutrinos

* Started working on neutrino oscillations
(~GeV neutrinos)

* Initially worked on neutrino beam designed for MINOS
* Started worrying about neutrino interactions-enter MINERVA!
e Collaborator on T2K & DUNE
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Haven't we heard enough about cross
sections?

* Noemi Rocco: 2 lectures on Theory of neutrino interactions
e Stephen Dolan: 2 lectures on Neutrino Interactions and Generators

* Sowjanya Gollapinni: “Neutrino Interactions are Complex”

* Yours Truly: 2 lectures on “Experimental Neutrino Cross Sections”

1. How to make a cross section measurement
2. Tricks of the Trade: how to use your own data to make a reliable cross
section measurement
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Quick soapbox

* There is a lot that goes into
cross section measurements

* Papers don’t always have enough
space to describe those details

e Even if you don’t measure one yourself, | hope to give you tools to know
what a detailed cross section publication should be talking about

* Morals of this story:
* Every measurement has backgrounds
* No detector is perfect

* No cross section model is perfect
e But there are ways to ensure your cross section measurement is valid anyway!

https://www.theguardian.com/science/blog/2014/jun/27/wome
n-scientists-soapboxes-london-south-bank-soapbox-science

. . . * =
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Top ten reasons to measure cross sections

1. To understand the weak interaction
2. To understand the structure of the nucleus

3. There s lots of non-perturbative QCD here, it is not something that is
calculable from first principles, need data

4. To improve precision in neutrino oscillation experiments

5. You can’t find Beyond the Standard Model Physics until you account for
the standard model neutrino interactions!

6. You need to predict the backgrounds to your dark matter experiment
7. You get to be involved with all the parts of an analysis
8. Your measurement may get used by lots of other experiments
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Reason 9: it makes an awesome thesis topic!

Primary M L E
. . . Dates Source E P [kW]
* Even if you ARE on an oscillation Govt (< fkm](GeV]
° V4 1999 -
experiment, there’s some chance KK o4 KEKPS 2 52 225 250 09
your thesis will be a neutrino cross T2k 20- sparc % 515 225 205 06
section measurement T2HK 2027  JPARC 30 [g%%f 188 295 0.6
* NOVA: https://novaexperiment.fnal.gov/theses/ MINOS  220°- ,fﬂe;{rj“l'ﬁgctor 120 240 54 735 36
. ::C(;itgtnzf 63 Doctoral Theses were on cross viNos: 2013- mmiﬁ;mr o 700 54 7a5  6n
e T2K: https://t2k.org/docs/thesis o is;:ent Eﬂemﬁjbem ™ e 4w 18
Fermilab 1000 -
e 57 out of 138 PhD+Masters theses have been OUNE  >2080 \ain injector 120 2400 40 1350 22
on cross sections! g’;g&,\/ gg?g‘ CERN PS 400 512 125 730 125

16 August 2023

As of August 12, 2023

From Mark Messier, INSS23
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https://novaexperiment.fnal.gov/theses/
https://t2k.org/docs/thesis

Reason 10: to learn more about neutrinos

* Quick wakeup question: what can we learn about neutrinos
WITHOUT seeing them interact?

 Creation of that final state may require energy to be transferred from

the neutrino
- _, Lepton
V > - .
— Recoil

* 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

K. McFarland, INSS 2013

. . . * =
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Thresholds and processes
Process ______|Consideratons | Threshold (typical)

vN->VN (elastic) Target nucleus is often free (recoil is very small) None (“CEVNS”)

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

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

anti-v,p—>en m.>m, & m,. Typically more to make recoil from 1.8 MeV (free p). More for
stable nucleus. nuclei.

ven—>8p (quasielastic) Final state nucleon is ejected from nucleus. ~ 10s MeV for v,
Massive lepton +~100 MeV for v,

veN—=>€X (inelastic) Must create additional hadrons. Massive lepton. ~ 200 MeV for v,

+~100 MeV for V,

* Energy of neutrinos determines available reactions,

. . K. McFarland, INSS 2013
and therefore experimental technique
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Thresholds and processes
Process _____|Comsiderations _______|lectureratINSS2023

vN->VN (elastic) Target nucleus is often free (recoil is very small) Josh Spitz (COHERENT source)
Sometimes called “CEVENSs” Bill Louis (CEVENS background)

v.n—>ep In some nuclei (mostly metastable ones), this Jelena Maricic (solar v’s)
reaction is exothermic if proton not ejected Irene Tambora (SuperNovae)

ve—>ve (elastic) Most targets have atomic electrons Jelena Maricic (solar v’s)

anti-v,p—>en m,>m, & m.. Typically more to make recoil from Jelena Maricic (reactor v’s)
stable nucleus.

ven—>8p (quasielastic) Final state nucleon is ejected from nucleus. Jelena Maricic (solar v’s), Ed K
Massive lepton Mark Messier (accelerator v’s)

veN—=>€X (inelastic) Must create additional hadrons. Massive lepton. Mark Messier (accelerator v’s)

Irene Tambora (Astrophysics)
* Energy of neutrinos determines available reactions,

and therefore experimental technique _
R . 2& Fermilab YORKRI
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Why measure cross sections if you have a
near detector?

» “2-detector strategy”: two detectors, identical technology, target
nucleus, detector acceptance, just compare near and far spectra!

Observation of electron-antineutrino disappearance at Daya Bay
Daya Bay Collaboration - F.P. An (Beijing, Inst. High Energy Phys.) et al. (Mar, 2012)

Published in: Phys.Rev.Lett. 108 (2012) 171803 - e-Print: 1203.1669 [hep-ex]
L3

pdf (& links (2 DOI  [= cite FQ reference search %) 2,8 ° 14
AD3 Ling Ao-11 NPP
. EH2
* Daya Bay reactor experiment: — Ay
3 near detectors, 3 far detectors A%’%Am Ling Ao NPP
. . ADS
* Turned on their near detectors first!
* Published their first reactor measurement e
of 0,3 in March 2012 -
e After only 55 live time days of the far detectors 200m ® b2

Daya Bay NPP

* Classic example of identical detectors near and far,
to.measure small v, disappearance.probability. 2 Fermilab YORK)
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Event rates to oscillation parameters

..... CC-2p2h = cobis  Near / farratios don’'t fully
' cancel systematics:

o
T T
—

- Dramatic change in E,
distribution due to oscillations

D
T T T

Flux (10'¢ /cm?/GeV /1021 POT)

o(E,)/E,(1073 cm?/GeV /Nucleon)

ol 1% « v, af ND vs v, at FD (for
| appearance)
: T - « Different ND/FD design,
%0 0.5 1 1.5 )" acceptance
E,(GeV)
S. Dolan, INSS 23
At the near detector At the far detector
Nu(Ev) = U(Ev)¢v(Ev)E(Ev2\ N/,L(Ev) = P(Vu - VM)O-(EV)CDV(EV)E(EV)
Interaction Detector Ne (Ev) = P(Vﬂ - ve)O-(EV)CDV(EV)E(EV)
Cross section Neutrino flux effects T

Oscillation probability



How to measure a Cross Section

* You've seen this expression before:
Nu (Ey) = o(E,)®,(E,)e(E,)M

* (I added the “M” for detector mass)
* More generally, consider an observable x that describes the interaction

do(E,, x
N(xtrue) =j ( V t‘rue)

dxtrue
* And no detector is perfect, so what we really measure is as a function
of “N(X1eqasureq) , SO there’s an additional step

D, (Ev)e(xtrue» Ev)detrue
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Quick word about units
N[,L(Ev) — O-(Ev)q)v(Ev)E(Ev)M

* What are the units of the different components?
* N: number of events, unitless
* G: cross section, area per target (for neutrinos, usually x10-38 cm?)
o ®: flux, Neutrinos per unit area (for near detector location, cm)
 example: NOvVA reports*: 87v,/cm?/10'° POT or for 10%° POT, 10** v/cm?
e ¢&: efficiency, unitless

 M: "mass” must be “number of targets” : recall this is 6.023x102%3 if your
detector weighed 1 gram

UUUUUUUUUU
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How to measure a cross section

do(E,,
* From the equation: N(xtmw) — O-(d;c/ Xtrue) CI)V (Ev)e(xtrueJ EV)M
true

do(Ey,Xtrye)

N(xmeasured) — fU(xmeasured’xtTue) AXtrue %

D, (Ev)e(xt‘rue' Ev)M AX¢rye

U written this way is a “smearing” step that translates
from the true quantity to a reconstructed quantity
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Solving for 49/ ;..

dO-(Ev: xtrue) _ N(xmeasured) U1 (xmeasured: xtrue)
AX¢rye D, (Ev)e(xtrue: EV)M

* And in real life, there are backgrounds: not every event you select is going
to be the signal process you are looking for!

* Integrate over the entire flux to find:

da-(xtrue) _ (N(xmeasured) — B)U_l (xmeasured» xtrue)
AXtrye f D, €(Xtrye) MAX 1oy

. . . * =
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Measuring Cross Sections: Simplity notation

* Remove subscript from true variables, but t=bin of x,, ., m=measured
 We'll write phi but it really means “integrating over the flux”

* Switch from U~ to U again just for simplicity, sometimes called
“unfolding”

do(x;) B (N(xXm) = B(xm)) Upe
dx, D e(x)MAx

* Deconstruct this piece by piece, from the easiest to the most
complicated:
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Will discuss 1-dimensional cross sections but..

* But there are plenty of reasons to try to measure cross sections in
more than just one dimension!

e 2-D example from MiniBooNE: 3-D example from MINERVA:

4
10 0.00 <P, (GeV/c) <0.07

0.07 <P, (GeVic) <0.15 0.15 <P, (GeV/c) <0.25 0.25 <P, (GeVic) <0.33

s _(cmGeV)

W s MiniBooNE data (3N ~=10.7%)

‘:l MiniBooNE data with shape error

0.55 <P, (GeV/c) <0.70

.40 <P, (GeV/c) <0.47

0

d=T, (x10% cm?/GeV°®/c®/Nucleon

_ 0.70 <P, (GeV/c) <0.85 0.2 04 0.6
o S P, Range, Scale Factors
©_ 10 p=
a” be. —[1.5,3.5), x 180.00
3 T lee 70100

2 ° 107° ! [.' = : — [7.0:8.0 ):x0.20
) 00 02 04 06 00 02 04 06 00 02 04 06  —I[80,100),x006
—[10.0,20.0), x 0.05
=T, (GeV)
Phys.Rev.D 81 (2010) 013005 Phys.Rev.Lett. 129 (2022) 2, 021803 YORK
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do(xe)  (N(xp) — B(xm)) Une
dx, b e(x)MAx

* N(x,,,): This is the number of events in your data after you’ve made
all the cuts in your analysis to remove all the events that aren’t the
process you are trying to measure

* This is either the easiest (N) or the most complicated to explain (x,,,)

* What's the process you are looking for?
 If it’s a charged current event: need a final state lepton (muon or electron)
* After that it’s more complicated
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do(xe)  (N(xp) — B(xm)) Une
dx, b e(x)MAx

* M: "Mass” [nucleons] Sounds easy, right?

* Cross sections are usually reported “per nucleon” so...

e BUT, it depends on what cross section you are trying to measure: are you
trying to measure something “per nucleon”?

 What if you are measuring something that (in principle) only happens on
neutrons? (i.e.v, +n—->u +p)

 What if you are measuring something that (in principle) only happens on
protons? (i.e. v, +p > u* +n)
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Full Disclosure on calculating “M”

* For Liquid Argon detector, it’s very pure so you
can be sure the nucleus that is struck is Ar

* For Water, at least at SK or HK those detectors = —
are very pure H,0 KWM
* But scintillator-based detectors may not always - i
ONDENS
be all CH or CH2: Element | Mass [kg] | Nucleon Count|Mass Fraction
for example NOVA: H 3814.5 | 2.28 x 10™ 0.108
C 23650 1.41 x 103! 0.667
0 1050 | 6.30 x 10%° 0.030 NOVA
Cl 5690 3.40 x 10%° 0.161 o ;
Ti 1140 | 6.81 x 10%° 0.032 \“’f SOUP *‘4""
*Phys.Rev.D 107 (2023) 11, 112008 Other 95 5.7 x 1028 0.003

. . . * =
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do(xe)  (N(xp) — B(xm)) Une
dx, D e(x)MAx

* @ : Flux [neutrinos/cm?]

e Usually the cross section is reported assuming you’ve integrated over
all neutrino energies: so @ really means

[ dEy Dy (Ey)
v =",

* For the rare cases where neutrino energy is measurable

Total Cross Section: _ (N(Ey)—B(Ey)) Umt
O-(Ev)_ D, (Ey)€E(Ey)M
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do(xe)  (N(xp) — B(xm)) Une
dx, b, e(x, )MAx

* €(x;): Efficiency [unitless] &
* The fraction of signal events that you

retain after making all the analysis cuts 008

to remove your backgrounds
* In truth, this efficiency may depend not only on x; . oasp p. (GeVIo)

but also on neutrino energy, and remember et st

you’re integrating over the flux 5 F

‘ f(DVdE‘V 0.052—
Except for the case of the (N(Ey)—B(Ey)) U Pr (GeVIE
. O E )— Vv Vv mt MINERVA Phys. Rev. D. 101
Total Cross Section: vJ)~— 092001, TKI analysis
Dy (Ey)e(Ey)M

. . . * =
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do(x) _ (NGem) = B(tm)) Une
dx; b e(x)MAx
* Ax: Bin width [units of whatever x is]

e How wide should this bin width be?

* The more bins you have, easier to distinguish
features of the distribution

TI[TT T[T T T[T T[T T T[T I T[T T I [TTITT]

* The more bins you have, the worse the statistics
are in each bin

* BUT...Depends on your resolution: if you can’t
measure something to better than o, you
shouldn’t pick bins that are 5/10!

. . . . . * =
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do(x;)  (N(xp) — B(xp)) Une
dx, D e(x;)MAx

* U,,:: Thisis the “unsmearing matrix” that takes you
from the measured variable to the true variable

 We want to know, if an event is observed in bin m,
what bin did it really happen in?

* In other words, what’s the probabilitY that an event
observed in bin m (measured) actually occurred in bin

t (true)?
gReconstructed (smeared)

* We can use our Monte Carlo to form a migration *Fdistribution
matrix indicating what fraction of events generated in
gach true bin o were observed in each reconstructed :
in j
* If the detector has good resolution, the matrix should
be close to diagona

05 True distribution

. . . . . * =
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do(xt)  (NCty) —B(xm)) Upe
dx, b e(x; ) MAx

W

—_
o

T T

(o0}

Diagonal
corresponds to

(o8]
T ™
D N

events
reconstructed in
the right bin

|
™

Each row adds up
to 100%

A O
o O O O O O o

I True Bins

B
T T
w

Fraction of Row in Cell

“Migration Matrix”

N

Jry
o

T T T
* To get the unsmearing Reco Bins
matrix U, you have to invert the migration matrix

o

e ...in theory. In practice, it often gives poor results and we often need
to use a more sophisticated method

. . . . . * ]
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Other migration matrices:

MicroBooNE Simulation

* MicroBooNE: muon momentum s
measured by range in liquid argon °
* Note: experiments may not all publish

these migration matrices or even call
them by that name

e But any differential cross section
measurement needs to take detector

resolution into account

Ll
2 2.5
P, (Truth) [GeV/c]

0.5 1 1.5

*MicroBooNE Phys.Rev.D 102 (2020) 11, 112013

. . . * =
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Two-dimensional

: : : y 1
Migration Matrix £ ¢ I
0 6 L o

- - | Ko 0.8E

S 200F - . LA A 0.7 O

s - & 1]

* Each bin in one = g // 0.6
dimension gets its own Q. 150 rrri 05&’
migration matrix o : F &4 0.4
= 100F yrr, =

* Ref: A.Filkins, MINERVA S - HF | 0.3 9
W&C talk, 2/28/2020 = 5of // | | 02
n , . RS A ' - (@)

* Only the 1-d matrices are E’ - /’: 0.1

shown inpublication 0~ "50"""J00 150 200 250 ©
Phys.Rev.D 101 (2020) 11, 112007 Reconstructed Muon P, per Muon P, bins

. . . * =
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do(x) B (NCem) — B () Upe
dx, D e(x; ) MAx

* B(x,,) : These are the backgrounds that are
still in the event sample
even after you make all your cuts.

—-1d EV! rue)
e B(xy) = MY ymt™H 22BEvrmue) ¢ (F Ye, (xypen Ey)

Xtrue

* You could predict what this background is
from your simulation, but that prediction
may have a large uncertainty!

* Background Process Cross Section uncertainties
(have to sum over all processes!)

* Flux uncertainties (have to Sum over all fluxes!)
* Have to smear back: is that smearing matrix the same for all backgrounds?

. . . * =
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Neutrino nucleon scafttering

PROTON
Elastic A
N. ‘
DEEP INELASTIC
“ QUARKS”
=
Q? W
2m
CCQE CCRES CCDIS
(Quasi-elastic Scattering) (Resgnon’r Iv\esonl Production) (Deep Inelastic Scattering)
TShN—— \\/V
\\/K/ ’ | g
w :
W N W,
" :
/;/‘\‘p\ At n p _._%

Increasing Energy Transfer

Graphics from S. Dolan, INSS 2023

One
person’s
signal is
another
person’s
background!

VVVVVVVVVV
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Experiments current releasing results
(in 0.5-20GeV region)

Side Muon Range Defector T2K Near

UAT Magnet

: Electromagnetic i Dete CtO r:

‘;’éCOIorimefer (ECal) POD ECal :

MicroBooNE:
Liguid Argon TPC
Booster and NuMI
(off axis) beamline!

CH, H,0

I‘ Fine Graj ned Detectofs

w° detector
(POD)

fime S e =i
ST A NINA:
CH,H,0,Fe  MINERVA:

2 T Elevation Vie
= NINJA B Side HCAL o
2 detector ’ il J,/;
s/ L | & |  v-Beam— U] il 58 .
5 = ctive Tracker g | 58
3 JIL e | 52 NOVA Near
: 8 g
15tons | 30tons zg
=<
Side ECAL 0.6 tons [] C
R Detector: CH
5m

Baby MIND i = & Fermilab YORK), =
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Modern Cross Section Experiments

COHERENT

MINERVA

T2K (Wagasci)

NOVA

NINJA

MicroBooNE

ICARUS

SBND

25MeV, broad

3.5GeV and
6GeV, broad band
600MeV

2GeV

700MeV

600MeV (BNB)
and 2GeV (NuMl)

600MeV (BNB)

Csl, Ar, .

He, CH, C, H,0,

Fe, Pb

CH, H,0

CH

Pb, H,O

Ar

For muons only

Yes!

No

For muons only

No

No

No

various

1.6cm x3.3 cm
triangles (scint)

~few cm triangles
+ Gas TPC
4cmxbem (scint)

Emulsion!

3mm wire pitch

3mm wire pitch

3mm wire pitch

Data-taking

Last data: 2019
Still analyzing

Data-taking in
2023

Data-taking in
2023

Data-taking
ended in 2022
Still analyzing

Data-taking in
2023

Data-taking soon! ;
1



MBoONE _

Neutrino

BNB DATA :

Neutrino Events at Some Experiments
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900 950

1000 1050 1100
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1200
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80
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460
440
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360

340

320

Initial State Final State

800
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v
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00:00:0.040000000
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scattered
0 neutrino

Observables in a 20MeV v Experiment?

nuclear

boson\ recoil
* Coherent Elastic Neutral Current Scattering ES @
q ¢
* This IS a cross section that is . - @J
predicted by the Standard Model ,// secondary
* DeBroglie wavelength for 50MeV v: A = ep—— _t"t
hc _ 1200eV-fm tog- - I0ENS M

E  50Mev = 25fm

* Challenge: have to be sensitive to keV
energies, and be shielded from backgrounds

-k
TTTT

_.
<

* On the bright side, saN? so cross section is
larger than other processes

102 E

-
o
&

1 ol {5V 0 o 0 T (71 0 T o W | B TN OO Y Y N ] 100 A Y ROl e A2 ! 5 |
5 10 15 20 25 30 35 40 45 50 55

Cross Section (x1038cm?)

Science 357 (2017) 6356, 1123-1126
16 August 2023 Experimental Neutrino Cross Sections # Fermilab YORK ' 33
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COHERENT Cross Sectlon prediction

e Backgrounds are mostly
from beam off events

e Easy to measure those,
since timing of beam is
known

* No cross section
reported in first paper,
probably because result
agrees with SM
prediction

e Second result:
Cross Section:
(165+30) x 10749 cm?

Excess Counts / PE

a.u.

_ Events (uncertainty)

Data 306 £ 20

E. 4 4 I
0 50 100 150 200

neutrino energy (MeV)

250 300

Recoil Energy (keV )

Graphics from Science 357 (2017) 6356, 1123-1126 and Phys.Rev.Lett. 126 (2021) 1, 012002

16 August 2023

0 5 10 15 20 30 35 40 45
Fror T I""I'"'I""I""I""I""
-+4-Data Residual
ool [Jv, CEVNS
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Blv, CEVNS
| BBRN + NIN
10|~ —
I - - 1
0 ﬁ#
_.x..l....l....l...I....I..l._
0 10 20 30 40 50 60
PE
Experimental Neutrino Cross Sections

Excess Counts / us

341 £ 11(theory) £ 42(experiment)

FT

LI L L L L I L L L L L L LB By

—— Prompt v,

—— Delayed v, and v, —

S .
© .
o AN s by by [ty . L =
0 1000 2000 3000 4000 5000 6000 7000 8000 900010000
time from POT onset (ns)
300 —
-4¢-Data Residual
[Jv, CEVNS
200l [Jv, CEvNS ]
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BBRN + NIN
100}— —
py ]
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0 i
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Neutrino Observables: what could x_, be?

* You have a neutrino beam made by an accelerator:

* What do you know before the neutrino interacts?
* Neutrino Direction (within a mrad, roughly)

\)

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

L —— CC-Total T2K: ND off-axis

] ] . 3 e CC-RES - NOvA: ND off-axis
* Flux Energy distribution W[ == Goumbiem  EETONS G
...... NC-Total MINERvVA L.E.

* Flavour and helicity composition

* What could you measure after
the neutrino interacts?

o(E,)/E, (103cm?nucleon 'GeV ™)
—_

0.5
* Final state lepton if it’s a Charged current event S
* Direction o i
0 1 2 3 1 5
* Momentum B (V)

e Charge (to determine v helicity)
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Observables in the era of 100GeV Neutrino
Experiments...

* Events were dominated by hi h energy
hadronic showers, and we didn’t worry so much
about the about the neutron content of the
final states

* We measured E,,q, E,,, 0, on Steel-Scintillator
calorimeters to get to.. E = EpagtE,

. Q° Q
Bjorken xandy = = 2Mv — 2ME,y
Yy — Ehad/Eu

Q° = —mi +2E,(E, — p, cosb,)

 Call this the “careless youth” stage

16 August 2023 Experimental Neutrino Cross Sections 36




Cross Sections in era of Oscillation Experiments

* Because of the size of the mass squared splittings, and the
accelerators we have on hand, most cross section publications today
are far away from the two extremes of 100GeV and 20MeV

* Need to understand scattering on scale of deBroglie wavelengths that
are on order of

hec  1200eV - fm
E 500 —5000MeV

~ (0.25 — 2.5fm
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Why is measuring Hadron Energy Difficult?

* What could you measure
about final state hadronic system

* Do you track charged particles  Kinetic energy e
SO you can measure their total — T
kinetic energy? ) A
* Can you distinguish between ~0 —
+ —+ 0 U
p, t, T, W -~ Total energy ™

 What about neutrons,

do you see those?
E)(amp|e from MINERVA at r|ght’ 0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80

3.3cm plastic granularity Figure courtesy P. Rodrigues

Similar in spirit to ~3cm wire pitch Liquid Argon (but different density, Z)
Phys. Rev. D 94, 013012 (2016) # Fermilab YORK [

UUUUUUUUUU




