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Will discuss 3 “The Effective Theories” of VWIMP
dark matter

® heavy WIMP expansion
® heavy mediator expansion

® |ow velocity expansion

and the relation between 3 aspects of Neutrino Physics

® neutrino models = f. talks of S. Pascoli,

M. Messier,
K Heeger, ...

® cross sections (particle physics)

® cross sections (nuclear physics)
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Two questions that | hope this talk will help introduce
and address:

® VWhat can the particle theorist do about
neutrino cross sections at ~GeV energies?

® |sn’t this messy/nuclear physics?

Will see:

® interesting and solvable problems

® new tools, techniques and experimental handles
available

Need to go where the physics takes us. Nobody said
that probing high scales was going to be easy
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Part |:
The “The Effective Theories” of WIMP dark matter

® heavy WIMP expansion
® heavy mediator expansion

® |ow velocity expansion
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A lot of space...
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A lot of space remaining...

—

experimental status
and outlook:
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The “The Effective Theories” of WIMP dark matter

=) ® heavy VWIMP expansion
® heavy mediator expansion

® |ow velocity expansion
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DM EFT |: Heavy WIMP expansion

® Present null results may point to = TeV
WIMP mass

® This regime has important challenges and
simplifications

Take as basic WIMP: SU(3) x SU(2) x U(I) Spin
| 3 0 S

Many results independent of WIMP spin, and elementary vs.
composite nature of WIMP (e.g. wino, composite scalar, ... )
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Direct detection

Many manifestations of heavy particle symmetry:
1

- hydrogen/deuterium spectroscopy E,(H) = —§m€(Zoz)2 T ... (MmeZa) < me
- heavy meson B/B* transitions FB%D(U/ _ v) 14 AQCD <K Mp.c
- DM interactions oc(xN — xN) =7 my <K< My
nucleon\. ./nucleon
- WZ,. 5
X X

basic problem in SM physics: scattering of nucleon from
SU(2)xU(I) source

R. Hill |10 2016 Aspen Winter Conference



Benchmarks: large mass, low velocity limit

10747 R. Hill, M. Solon (2014)
S j0-4)
= | (3,0) of SU(2)xU(I)
£ 107
= |
° 0%}

| (2,1/2) of SUR)xU(I)
10-51!
110 115 120 125 130 135

mHiggS(GeV)
Suppressed versus dimensional estimate (~10-*cm?)

- bino/wino, bino/higgsino admixtures Hil, Solon 1309.4092, 1401.3339, 1409.8290

hino/sf : dmi (backup slide)
- bino/stermion admixtures Berlin, Robertson, Solon, Zurek 1511.05964
- |/M power corrections C.-Y. Chen,A.Wijangco ...
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WIMP-nucleon cross section [cm?]
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Strong motivation for pushing to neutrino floor at TeV mass
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Indirect detection ";(SM
Recall basic WIMP: SU(3) X SU(Z) X U(I) -
-

Photon line signal for heavy WIMP annihilation:

0 N Sudako.v
suppression
Sommerfeld
enhancement
0 - hard

annihilation

R. Hill 13 2016 Aspen Winter Conference



102

] see also:
Y ; Bauer, Cohen, Hill, Solon (2014) Ovanesyan, Slatyer, Stewart 2014,
10—+ & ‘Baumgart, Rothstein, Vaidya 2014,
f i | Baumgart,Vaisya 2015, ...
f i1y
) 5 FIRN tree level 7 °
i 1 O —26 3 0"' / \ \\ o"/ £
= : P A SN ]
=2 TN 2013) |
~ 1027027 T =1 )l o
S - Photon line signal
10_28“ . : ] . for “wino”
| annihilation
10~%°

p)
one Ioo/ M [TeV] one loop, neglect
wavefunction enhancement

Multi-scale field theory problem, breakdown of naive
perturbation theory
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. see also:
} Bauer, Cohen, Hill, Solon (2014)

_24 Ovanesyan, Slatyer, Stewart 2014,
10 ‘Baumgart, Rothstein,Vaidya 2014,
5 | Baumgart,Vaisya 2015, ...
10~ f
@ tree level
coE 10—26
&
= 10—27

o

—

. resummed
2 4 6 8 10
one loo M [TeV]
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The “The Effective Theories” of WIMP dark matter

® heavy WIMP expansion
- @ heavy mediator expansion

® |ow velocity expansion
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Set-up:

Heavy Mediator expansion

1

L~ ¢ N1 Osm X Owimp

Goodman, Ibe, Rajaraman,
Shepherd, Tait,Yu 2010, ...

Majorana fermion: 10 operators through d=7
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The “The Effective Theories” of WIMP dark matter

® heavy WIMP expansion
® heavy mediator expansion

—Pp ©® |ow velocity expansion
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Velocity expansion

2 , 0?
C;
+ZAd_4NT(...)NXT(...)X
( Fitzpatrick, Haxton, Katz, Lubbers, Xu (2012), ...

20 contact operators through |/M*

o _Exclusion limits for isoscalar EFT operator O _ - tI”aCing Slmpllﬁed models
AV (R S ——  SuperCDMS Soudan |
'L — SuperGDMS Soudan to non.rel. ops
10° — CDMsIiSi : Dent, Krauss, Newstead, Sabharwal 1505.03117
o f — LUX .
107 ¢ T
5.l Og = S, - T
€ e e s - related phenomenology
5 f = Gluscevic, Gresham, McDermott, Peter 1506.04454
h N ,
o | SupercdMs 130303379 | Novel detector responses possible,
P mass(Goviey especially for low-mass WIMPs
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QCD aspects of WIMP-nucleus scattering

perturbative QCD corrections:

107}

VR

_50) of SUQ2)xU(I)

NS 10~48¢
= |
7 |
© 10~%¢
| O |
10—50 L . . e . ‘“7 ......
90 100 110 120 130 140
mmp (GeV)
NLO corrections essential for correct order of
maghnitude
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QCD aspects of WIMP-nucleus scattering

nonperturbative matrix elements: important impact
from lattice QCD

Durretal 1109.4265
lattice QCD inputs | junnarkar and Walker-Loud, 1301.11 14

Borasoy and Meissner,

i hep-ph/9607432
b
10 Pavan et al.
hep-bh/01 | 1066
| ZaN> 20
100 120 14;)nh(GeV;60 180 200
(3,0) of - recent work in ni=2 chiral perturbation
SU(2)xU(l) theory  Crivellin, Hoferichter, Procura (2014)

Hoferichter, Ruiz de Elvira, Kubis, Meissner (2015)
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Part 2:
The particle physics of neutrino cross sections

DM <= neutrinos

® Compelling physics problems
® Particle/nuclear interplay

® |attice QCD providing critical inputs
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Neutrino physics covers a vast range of energy scales
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probability of v, -Ve = fundamental neutrino properties

Ve €vent rate
Vy flux Ve flux= ——8 8 ———
Cross section Ve
E E
FERMILAB SANFORD LAB
Eg DUN E Batavia, lllinois — — —— Lead, South Dakota

Cross section translates observed event rate to Ve appearance prob.
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probability of v, -Ve = fundamental neutrino properties

Ve €vent rate
Vy flux Ve flux= ——8 8 ———
Cross section Ve
E E
FERMILAB SANFORD LAB
Eg DUNE Batavia, lllinois — — — Lead, South Dakota

Cross section translates observed event rate to Ve appearance prob.

Basic signal process: charged current quasi elastic scattering
(large event sample, “reconstructible” neutrino energy, theoretically “clean™)
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probability of v, -Ve = fundamental neutrino properties

Ve €vent rate
Vy flux Ve flux= ——8 8 ———
Cross section Ve
E E
FERMILAB SANFORD LAB
Eg DUNE Batavia, lllinois — — — Lead, South Dakota

Cross section translates observed event rate to Ve appearance prob.

Basic signal process: charged current quasi elastic scattering
(large event sample, “reconstructible” neutrino energy, theoretically “clean™)

Ve //e' = .
’\/\/\/ radiative corrections
n » Y
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probability of v, -Ve = fundamental neutrino properties

Ve event rate
Vy flux Ve flux= —————
Cross section Ve
E E
FERMILAB SANFORD LAB
Eg DUN E Batavia, lllinois — — —— Lead, South Dakota

Cross section translates observed event rate to Ve appearance prob.

Basic signal process: charged current quasi elastic scattering
(large event sample, “reconstructible” neutrino energy, theoretically “clean™)

//e-
’\/\/\/ radiative corrections

p Y

hadronic amplitudes
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probability of v, -Ve = fundamental neutrino properties

Ve €vent rate
Vy flux Ve flux= ——8 8 ———
Cross section Ve
E E
FERMILAB SANFORD LAB
Eg DUN E Batavia, lllinois — — —— Lead, South Dakota

Cross section translates observed event rate to Ve appearance prob.

Basic signal process: charged current quasi elastic scattering
(large event sample, “reconstructible” neutrino energy, theoretically “clean™)

//e-
’\/\/\/ radiative corrections

p Y

hadronic amplitudes
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R. Hill

v, CC evts/GeV/10kt/MW.yr
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600 it
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v, CC spectrum at 1300 km,

Am2, = 2.4e-03 eV °

E. (GeV)

24

Bl V. CC spectrum
A2
o sin“20,, = 0.0, 6Cp=n/a

2
o sin“20,, = 0.1, 60p=-n/2

. 2
—e— Sin 2613 =0.1, 6Cp=0

. 2
——sin“20,, = 0.1, 3 ,,=+n/2
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LBNE, 1307.7335

cf. Coloma, Huber et al., 1307.1243, 1311.4506;

Lalakulich and Mosel, 1311.7288
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v, CC evts/GeV/10kt/MW.yr

v, CC spectrum at 1300 km, Am3, = 2.4e-03 eV ?

1000

800 fr—

600 it

400 “

200 h

24

Bl V. CC spectrum

e sin°20., = 0.0, §,
e sin“20,, = 0.1, 8,
——sin®20,, = 0.1, §,
——sin°20,, = 0.1, §,

Need
Cross

normalization

T 0.2
0.18
IO=n/a
p=-ﬁ/2 0.16

=0
p=+317/2

Appearance Probability

precise
section

cf. Coloma, Huber et al., 1307.1243, 1311.4506;

Lalakulich and Mosel, 1311.7288

LBNE, 1307.7335
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vis/GeV/10kt/MW.yr

1000

800

600 it

400

v, CC spectrum at 1300 km, Am3, = 2.4e-03 eV ?

Need precise
Cross section
energy dependence
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v, CC spectrum at 1300 km, Am3, = 2.4e-03 eV ?
1000 ] ] I I LI B | I I I I I I LI | I I 0-2
ﬂ Bl V. CC spectrum

s 0.18
o sin“20,, = 0.0, 6Cp=n/a

s a2
800 fr— ~e—sin“20,, = 0.1, 3,,=-n/2

0.16

s
E <
. - L
2 (] Tl P2
% 600 fitt —0.12 § 2 2
> - o NN
s i E Rl T
2 400 S — —:o.osg :Br';"
Need precise — E . g
M O
cross section | Need precise | ©ZE
° 0 5
energy dependence cross section | @ §§
JS 3
A% 3

GeV
_»‘ ‘ normalization

Many related activities and appllcatlons, over a wide energy range:
- sterile neutrino searches

- reactor, supernova, astrophysical, solar, cosmological v’s
- proton decay, ...

Focus here on ~GeV V cross sections for oscillation experiments
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This is a challenging problem. HEP Theory is...

Perturbative QFT

Precision hadron Lattice QCD
physics

adapting existing tools,

and
developing new tools
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This is a challenging problem. HEP Theory is...

Connecting with
other communities

Event generation and

. . Nuclear physics
detector simulation PTY
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Begin with elementary targets

Precision hadron

physics
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Return to the basic process

Vil M o(vn — pup) = |-

poorly known axial-vector form factor

Large uncertainties in nucleon-level amplitudes, the basic building
block for complete nuclear cross sections.

Different nucleon-level
cross sections inferred

i)

R from carbon data

5 2

S - But, different:

N = nucleon form factors

= 4 / -+ MiniBooNE = nuclear corrections

> / ~+ NOMAD
f | Need elementary targets to
v 0.5 1.0 5.0 10.0 50.0 100.0 break de eneracies

E,|GeV] I
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HEP toolbox is being applied to precision lepton-nucleon scattering

Basic problem: don’t know form factor shapes, so don’t know what
we're constraining

Underlying QCD tells us that Taylor expansion in appropriate
variable is rapidly convergent 5

experimental
kinematic region

coefficients in rapidly
convergent expansion encode
nonperturbative QCD

Systematically improvable, quantifiable uncertainties
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This approach has been very successful in other processes

2 2\ 12
E.g, B—TTev: [2]<0.28 a2~ Vs |*[F(¢7))]

Becher, RIH hep-ph/0509090

—- — BABAR { n
+ |
| %
k t
$
o 10 2
t(GeV")
i | simple shape in z
| | ] m—
T i
| 0121 T 6 T 10121
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This approach has been very successful in other processes

2 2\ 12
E.g, B—TTev: [2<0.28 gz ~ Vel I1F (@)

Fermilab lattice/MILC 1503.07839

Becher, RIH hep-ph/0509090 IB | Lattice N4 ft ]
d—q2 Lat.+all expt. combined N,=4 fit EEEE
- — BABAR { - B |
+ | : : )

[ | ] systematic

i % A .

S : combination of

S T I lattice, experiment

t(GeV")

LQL * | | Isimple 5pe N z world’s best determination

i{ bod i Of |Vub|
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Adapt these tools for neutrino - hadron scattering

vy U E.g.,Vu tn—=u + p,
pd 0 < Q2< 3 GeV2

N I 12|<0.35
deuteron

Revisit deuterium bubble chamber data

- small(-ish) nuclear effects

- small(-ish) experimental uncertainties

- small statistics, ~3000 events
in world data

R. Hill 31

401

EVENTS / 0.1 GeV?

20+

%% ' 1 ' 2 3
Q’ (GeV?)

[Fermilab | 5-foot deuterium bubble
chamber, PRD 28, 436 (1983)]
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M. Betancourt, R. Gran, RJH, A. Meyer,

o PRELIMINARY (poster of M. Betancourt NUINTIYS) > /DOF | 168/122
o S e e e
L AT b ma | 1.05(4)
— 12
X z-Expansion
10} 3
NE XQ/DOF 167/119
S a 2.367019
g as —0.6175 ;,{g
— N=4 z—Expansion - MiniBooNE Data a3 _5 4—|—
4l — Fit Dipole my;=1.05 -- MiniBooNE Fit m,=1.35
~ NOMAD Data a4 3 2—|—2 5
al - NOMAD Fit my =103 MiniBooNE: Phys. Rev. D 81 (2010)
NOMAD: Eur. Phys. J. C 63 (2009)
‘ 0.2 05 10 20 50 100
E(GeV)
nucleon-level amplitudes and
cross sections with complete
error budget !
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Event generation and

detector modeling Nuclear physics
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Propagate errors to nuclear cross sections New module for z

expansion and reweighting

in GENIE event generator
A. Meyer

X

10*°  PRELIMINARY (poster of M. Betancourt, NUINTI5)
Fit to Minerva carbon data

n
no

n
o

]lllllll

o
TTTT]

]

7 wiaENIE (Dipole)
|E (Z-Expansion)

do/dQ? (cm?/GeV?)
>

—+—"Bata" [Minerva PRL 111,022502 (2013)]

“world average dipole”

—
NN

h

,,,,,,,

12
10
8
sl i z expansion constrained by deuterium
4=
2
0:"']"'llllllllllllllllllllllllTllIIIII
0 0.2 0.4 0.6 0.8 1 1.2 14 1.6 1.8 2

Q%(GeV?)
= Robust constraints on nuclear parameters (cf. parton

distribution function determination at colliders)
(example: backup slide)

— Robust errors propagated to oscillation observables
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Lattice QCD
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Realistic error bars for Fa(g?) from deuterium are significant

Model dependence in deuteron corrections (and possibly issues with
experimental systematics)

.Jgfutrino-deuteron cross section (E=1 GeV)
2 modern potential model: Shen,

; Marcucci, Carlson, Gandolfi (1205.4337)
assumed in existing world averages

NQ) : \
S 0.5-

0 02 04 06 08 1 12 14 16 1.8

An unsatisfactory situation. Q* [GeV?]

( Important impacts beyond long baseline V’s: OVBB, muon capture, ... )
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Lattice QCD can constrain nucleon-level amplitudes from first principles
Ve \\ © 2
o(vn —ep) = |- -
n P

A prime target is the nucleon axial form factor

T —
N ‘I is E $ 3 -
-t e _1§
RSP1S . ]
VRl |
dF A 9 Ir e LHPC. 2111 Mixed 1 compilation from
5 X T4 S l’l}fsﬁj’%fféﬁ”e‘rl e Lin and Cohen 1104.4319
dq g2 =0 o o0 02 03 04 05
My (GeV?) 4 (unphysical) pion mass

Lattice QCD is poised to compete with deuterium data.

Need lighter quarks, bigger and finer lattices
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A. Meyer, RJH,A. Kronfeld, Fermilab lattice and MILC collaborations

Pion mass vs. lattice spacing Lattice Extent vs. Pion Mass

0.18 .
9 =
— 'q g8
8 0.15 | . =
‘ 7t
|€| 017 L IB‘E ] . u m i S 6 L |
/ .
009 | o e+ o o othiswork (2+1+1) X | 21 . T24+141) X ]
SR At NN & A 5
CSSM (2 +1) ¥ ’ . " : cgs(r31+2l+:1U
*
0.06 | *at ta t 7 QCD (2+1) 1 3 | ST % < ¥ QCD Eziﬂ a
& LHP-BMW (2+1) & N
- LHP-BMW (2+1)
> [HP-MILC (2+1) = > L ¥ LHP-MILC (2+1) = |
on3 L % LHP-RBC (2+1) . =7/ 1;' LHP-RBC (2+ 1)
= RBC-UKQCD (2+1) * 1WA RBC-UKQCD (2 +1
UKQCD-QCDSF (2+41) v 1r * kot
' UKQCD-QCDSF (2+1)
0
0

0 100 200 300 400 200 600 700 800

m. | MeV] L|fm]

Big lattices, multiple spacings, physical quark masses

Other targets: neutral currents; resonance couplings and form
factors; pion final states

Advantages: independent of detector-dependent radiative corrections and
nuclear effects (and for lattice QCD: no underground safety hazard)
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Perturbative QFT
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Consider related process: elastic electron-proton scattering:

- inputs to neutrino cross sections (vector form factors)
- a proving ground for both theory and experiment

S

W+

nucleus

Do we understand this problem with controllable uncertainties!?
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Look at related process: elastic electron-proton scattering:

- inputs to neutrino cross sections (vector form factors)
- a proving ground for both theory and experiment

nontrivial flux of e'
neutrinos monoenergetic flux e’
of electrons

V

S

o

W+

Y

nucleus

Do we understand this problem with controllable uncertainties!?
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Look at related process: elastic electron-proton scattering:

- inputs to neutrino cross sections (vector form factors)
- a proving ground for both theory and experiment

nontrivial flux of e'
neutrinos monoenergetic flux
of electrons

V

ERY. e

>

nucleus

complex nucleus: isolated proton at rest
WA 12C 160, .|

Do we understand this problem with controllable uncertainties!?

Y
»
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Look at related process: elastic electron-proton scattering:

- inputs to neutrino cross sections (vector form factors)
- a proving ground for both theory and experiment

nontrivial flux of e'
neutrinos monoenergetic flux
of electrons

V

—>— e'

>

W+

nucleus

complex nucleus: isolated proton at rest
WA 12C 160, .|

Do we understand this problem with controllable uncertainties?

Y
»
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Some facts about the Rydberg constant puzzle (a.k.a.
proton radius puzzle)

|) It has generated a lot of
attention and controversy

Ehe New Jork Times

2) The most mundane resolution necessitates:

* 50 shift in fundamental Rydberg constant
* discarding or revising decades of results in
e-p scattering and hydrogen spectroscopy
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Some facts about the Rydberg constant puzzle (a.k.a.
proton radius puzzle)

|) It has generated a lot of
attention and controversy

2) The most mundane resolution necessitates:

* 50 shift in fundamental Rydberg constant
* discarding or revising decades of results in
e-p scattering and hydrogen spectroscopy

“The good news is that it’s
not my problem”

R. Hill 44 2016 Aspen Winter Conference



Some facts about the Rydberg constant puzzle (a.k.a.
proton radius puzzle) .

nature
|) It has generated a lot of ENS 7 4

attention and controversy

2) The most mundane resolution necessitates:
* 50 shift in fundamental Rydberg constant
* discarding or revising decades of results in
e-p scattering and hydrogen spectroscopy

This is HEP’s problem:

3) Systematic effects in electron-proton
scattering impact neutrino-nucleus scattering, Ry -
at a level large compared to DUNE precision “The good news is thagit’s
requirements ~ not my problem” -
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New analysis: G. Lee, . Arrington, RIH 1505.01489

World e-p scattering dominated by 2010 e -
_ . MAMIAI dataset: 0 < Q2< | GeV? (detals:

o e backup slide)
( IZI<0 32 )
1.00
P P |
0.95 10

Wﬁﬂ

0.75
B0 01 02 03 04 05 06 07 08 09 10
max [GeV?]

- Unexpected Q? dependence of extracted radius, and potentially large
radiative corrections

- For both e-p and V-N: large logarithms upset naive perturbation theory

- Work in progress to implement complete radiative corrections
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New analysis: G. Lee, . Arrington, RIH 1505.01489

World e-p scattering dominated by 2010 (details:

e- e- MAMI Al dataset: 0 < Q2 < | GGVZ backup Slide)
(12/<0.32)
1.00 —————

P P .05l 1O.l
Wi | >so

| | |discrepancy

0.801

—dFE x 72 |
dg? L oL ...
0.0 01 0.2 03 04 05 06 07 08 09 1.0

2 |GeV?]

max

- Unexpected Q? dependence of extracted radius, and potentially large
radiative corrections

- For both e-p and V-N: large logarithms upset naive perturbation theory

- Work in progress to implement complete radiative corrections
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New analysis: G. Lee, . Arrington, RIH 1505.01489
World e-p scattering dominated by 2010 (details:

. pl g)
o o MAMI Al dataset:0 < Q“< | GeV backup slide)
( |z|<0.32)
1.00 —————————
. o - @ ——@——_{ POtentia”)’
P P 0.95] R B AR _ arge

corrections

form factor| = . .| W - | | | from radiative

0.80}

—dFE x 72 |
dg? L oL ...
0.0 01 0.2 03 04 05 06 07 08 09 1.0

2 |GeV?]

max

- Unexpected Q? dependence of extracted radius, and potentially large
radiative corrections

- For both e-p and V-N: large logarithms upset naive perturbation theory

- Work in progress to implement complete radiative corrections
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A systematic framework is being constructed to map elementary-target/
lattice data through to oscillation observables

.v CP violation

Perturbative |
QFT _.» mass hierarchy

Precision Lattice QCD

hadron
physics

e o
LI
...
...
...
. o o
. ® e,
*e.,
*e .,
L )

Nuclear T
physics

Event generation and
detector modeling

“Asupernova V
Much to do, and much to learn!
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Cross sections key to discoveries in the neutrino sector

Particle theory has a critical role to play

- precision hadron physics: building on CKM studies

- radiative corrections: renormalization, soft-collinear effective theory

- lattice QCD

Important connections: other intensity frontier initiatives

- lattice QCD & baryons: neutrinos, DM, proton radius puzzle, nEDM, ...

- radiative corrections: neutrinos, g-2, proton radius puzzle, CKM, ...

- nuclear effects and hadronic final state: energy reconstruction in V-N
scattering; atmospheric bkgd. to proton decay, ...
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Additional states in the dark sector

ol ol 107l s r
10746 " 107% 0.1
SO 001
:‘ai 10 0 02
. _ M _ M ° n 1048t had S -
singlet-doublet (e.g., bino-higgsino) ¢~ Jad N
1077 pure singlet
=50 .f .....................
W20 2 4 6 38 10
10—45 - 01 /I\‘\\ B 16_43 I //I/\\\I}\ IIIIII
. I d bI . h . . 10_46_pure triplet // \\\\ 107 :;”////77 '***'(\)ti\,\w\x -
trIP et- Ou et (eogo’ Wlno- IggSInO) 18)/ 10_47_==\ /I,’/’"::\:l:?:—\47;ﬂ:f>_:0‘-01:
Z 107 SV, S
1074 m pert
10—50 ...................

0 2 4 6 8 10
A/[(4mk)*mw]

A: mass splitting of multiplets, in units where tree/
loop crossover occurs at ~|

interplay of mass-suppressed (tree level) and loop
suppressed contributions
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experimental landscape: electron-proton scattering

G. Lee, J.Arrington, RIH, 2015
| |

A1 analysis (spline fit)

Z expansion

} refined systematics

‘Mainz final (Q%max=0.5 GeV?) ‘

U-Hydrogen (CREMA)

\world data (Q%max=0.6 GeV?) |

‘Mainz + world average ‘

O.85I I 0.9 o IO.95
E [fm]

Mainz =
'E 0.895(14)(14) simple average: |re2& = 0.904(15) ‘
reverld = 0.9 8(24)
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Sample application of elementary target data: constrain and validate nuclear models

Can we constrain a simple nuclear model for two-body contributions ?

O — O01—body =+ fUQ—body

20 f
c
o °F
"q:: 16 NuWro RFG M,=1.35 .
c 1 AT\ 0 NuWro RFG M,=0.99 + TEM F — d I I I l d I
S [
> 12 NuWro RFG M,=0.99 A I O e O e
8 - GENIE RFG M,=0.99
~ - NuWro SF M,=0.99
E sb A
L F
L 6 [
o O -
% 4
2o Ee M
! ! L ! I ——
075 0.5 1 15 2

0 0.5

x10%°

,=1.35
....... NuWro RFG M ,=0.99 + TEM
NuWro RFG M ,=0.99
GENIE RFG M,=0.99
NuWro SF M,=0.99

Fa = model-
N independent

2
QE

~an

do/dQ?_ (cm*GeV#neutron)
oM s O OO NED®S

T ooy large nucleon-level uncertainties
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Addressing energy reconstruction biases

cf. colliders: define event classes to isolate underlying parton

mechanisms (vector boson fusion, gluon fusion,...)

for neutrinos: define event classes with (in)sensitivity to underlying
nucleon-level mechanisms (multinucleon processes,...)

1 GeV neutrino events,
0 pions, reconstructed
as quasielastic

O neutron

o \ > I n e ut O n
<= < ' v
\\\\\
SO
NN
g —
- \\\\\\\\‘\\\\\\\\
\\\\\\\\\\\\\\\\\\\
XX ANRRRRRRRRAN
000050 % %% %% NN N RN RN
O o — L

0 15
Reconstructed Neutrino Energy (GeV)

o C. Blanco, M. Wetstein, RJH
Capitalize on new detector technologies

- final state protons in LArTPC
- final state neutrons (ANNIE)

XXXX%E\(\/V\% XX
! XXX XXX XA XXX X XXX GX
0.5

va ,0;5/'\/\), SIS 1 . L L 1.5
Reconstructed Neutrino Energy (GeV)

2

Q88
IR

+X
\\\\\ \ \
e T I R

Reconstructed Neutrino Energy (GeV)

0.5 1 E

- simple flux (stored muons); multiple fluxes (“nuPRISM”), ...
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