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IceCube-170922A & TXS 0506+056

TITLE: GCN CIRCULAR
NUMBER: 21916
SUBJECT: IceCube-170922A - IceCube observation of a high-
energy neutrino candidate event

DATE: 1
FROM: E

Claudio Kdf
report on

On 22 Sep,
probability
Extremely

narmal an

Fermi-LAT detection of increased gamma-ray activity of

TXS 05

06+056, located inside the IceCube-170922A
error region.

ATel #10791: ¥

«{ First-time detection of VHE gamma rays by MAGIC from

cedel @ direction consistent with the recent EHE neutrino

Subjects: Gamma event IceCube-170922A

Referred to by Al ATel #10817; Razmik Mirzoyan for the MAGIC Collaboration
10844, 10845, 104 ond 0ct2017; 17:17 UT

m m Credential Ceriification: Razmik Mirzoyan (Razmik Mirzoyan@mpp.mpg.de)

We searched for

Subjects: Optical, Gamma Ray, >GeV, TeV, VHE, UHE, Neutrinos, AGN, Blazar

neutrino event ¢JReferred to by ATel #: 10830, 10833, 10838, 10840, 10844, 10845, 10942

10787) with all-sj

ray Space Telesc

and aiso included AL

Tanatad incide the

After the IceCube neutrino event EHE 170922A detected on 22/05/2017 (GCN circular #21916),
Fermi-LAT measured enhanced gamma-ray emission from the blazar TXS 0506+056 (05 09
2596370, +05 41 353279 (J2000), [Lani et al., Astron. 1., 139, 1695-1712 (2010)]), located 6
arcmin from the EHE 170922A estimated direction (ATel #10791). MAGIC observed this source
under good weather conditions and a 5 sigma detection above 100 GeV was achieved after 12 h of]

September 22, 2017: a neutrino alert issued by IceCube
Fermi and MAGIC identify a spatially coincident flaring blazar (TXS 0506+056)
Very active multi-messenger follow-up from radio to y-rays

»
\@ Queen Mary Teppei §f

University of London

Taboada (Georgia Tech), Neutrino 2018

Work on-going

y OFFICAL SHOP OF THE ICECUBE NEUTRINDO OBSERVATORY

: }- SHOP

https://charge.wisc.edu/icecube/wipac store.aspx

IceCube I1C170922 t-shirt (Crew-Neck)

$18.00

The front side features an image of "IC170922" and the IceCube logo on the back
Heathered navy, crewneck, rinspun cotton/polyester, Available in unisex sizes S-2XL. Runs
small.

Support IceCube




. lceCube neutrino observatory

. lceCube low energy physics

. DIS-Hadronization systematic errors
. DIS quark-hadron duality error

. DIS differential cross section error

. DIS A-scaling error

. DIS PDF error

. Low-W hadronization error
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. High-W hadronization error

10. Conclusions
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1. lceCube detector lceCube, JINST12(2016)P03012
IlceTop

- .- Z = _— 81 Stations

........ 324 optical sensors

IceCube Array

86 strings including 8 DeepCore strings
5160 optical sensors

Ski-way IceCube Lab

e Building

4

South Pole Station

lceCube Outline



IceCube, JINST12(2016)P03012

1. lceCube detector .
T "":- -~ - —.=.— - |digital optical module (DOM)

-—.. - e .«.‘ e 5 A o -
50m [——— il ._ T A e e Cable Penetrator Assembly
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optical sensor
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1. IceCube detector

Topology
- Track = muon (~v,CC)

- Shower (cascade) = electron, tau, hadrons (~, v.CC, v.CC, NC)

CC Muon Neutrino

Ir'

::M’

. 4o v
B

)

v+ N—=>p+ X

track (data)

factor of = 2 energy resolution
< 1° angular resolution

Neutral Current /
Electron Neutrino

Ve + N = e +X
Uy + N = i+ X

cascade (data)

=~ *15% deposited energy resolution

=~ 10° angular resolution
(at energies = 100 TeV)

time

-_—
CC Tau Neutrino

vr + N =74+ X

“double-bang™ and other
signatures (simulation)

(not observed yet)
Hill, Neutrino 2014



1. lceCube physics overview

Why NuGen |lI ?

(

-

I want to compare
effect of In-Earth
propagation with
various EarthModel
or neutrino cross
section, while
keeping near-
detector simulation
unchanged!

N

Few MeV (supernova neutrinos) to
PeV (VHE astrophysical neutrinos)

I want to use
Genie at detector!

J

Well... yes, I can implement them,

N but future NuGen maintainers will cry... :(
‘ELQ‘S’ (NuGen is complicated enough already!)

Hoshina, 2013

(

g

I want to use
CORSIKA as
neutrino source and
want to simulate
muon - neutrino
coincidence events!

I

I need only near-
detector simulation
because I use my
own (oscillation)
calculation for in
Earth propagation !




1. lceCube physics overview

Bermuda triangle of
IceCube

- 300 GeV - 10 TeV

- Too high for ionization,
too low for stochastic
energy reconstruction

Formaggio and Zeller, Rev.Mod.Phys.84(2012)1307
Confusion region

GENIE region

- 100 MeV -300 GeV

- Conventional atmospheric neutrinos
(m, K decay)

- Oscillation physics

-10 TeV - 100 TeV

- Prompt atmospheric neutrinos (charm)

- Earth absorption starts

- Astrophysical neutrinos kicks in

- NNLO PDF and weak boson propagator

Noise-like event
- 10-100 MeV
- DSNB flux

- nuclear physics may be important

107
107
107
107'°
10—13
10-16

10—19

Cross Section (mb)

1022
10-25
10—28

10"

suppression (Q%?>>M,,?), interplay with LHC

Neutrino Astronomy Frontier
->100 TeV

- Astrophysical neutrinos

- BSM physics

A 4
A

-
<

v

Atmospheric
SuperNova

P

Accelerator

Extra-Galactic

Galactic

10° 10° 10"°
Neutrino Energy (eV)
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. lceCube neutrino observatory

. lceCube low energy physics

. DIS-Hadronization systematic errors
. DIS quark-hadron duality error

. DIS differential cross section error

. DIS A-scaling error

. DIS PDF error

. Low-W hadronization error
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. High-W hadronization error

10. Conclusions
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IceCube, PRL120(2018)071801

2. DeepCore

Overhead View

Q) Queen I\/Iar-y

University of London

IceCube: 78 string, 125m string separation, 17m vertical
DOM separation.

DeepCore: 8 new strings, ~75m separations, with 7m
vertical DOM separation.

DeepCore is designed for low energy physics (<300 GeV).
It can also push the threshold as low as 6 GeV, but this
depends location of vertex and direction of events.

AE 24% 29%

Teppei Katori AD 10° 16°



IceCube, PRL120(2018)071801

2. DeepCore

Overhead View Information is very sparse for low energy neutrino
e o L reconstruction in lceCube
R L. e SANTA (2014 oscillation result)
R oewcee o * " ) - Simple algorithm based on Cherenkov profile
AR % e 0 - less model dependent, only works for high angle events
. ® I *‘; ® [ d ¢
IR el A I Multinest (2017 oscillation result)
PR L - High-level algorithm based on photon table
e 0 e - highly model dependent (?)
scattering N mﬁg:: .
T (i 0 SANTA reconstruction example
?_ normal I
(? > Interactions in DC . 10 GeV muon "‘
| ]
; |
’ | [HHES e Al | ¢ Y
{ o1 10 meters e = Red: interaction point ‘ - q

Yafiez (Neutrino 2014)

3

o _ \ 15 GeV cascade

= = DOMs triggered colored

(V] = Orange is early, blue is late

2

w
I
|
1]
|
!
I
|
|
'
|
|
i
|
|

14 GeV muon }
. 4 GeV cascade
B

'; £ st oo i 20 GeV Track Cascade

o AE 24% 29%

\E;SQ_.'.‘;’ Queen Mary Teppei Katori AD 10° 16°

University of London




IceCube, PRL120(2018)071801

2. DeepCore oscillation analysis

Oscillation fit is dominated around ~30 GeV neutrinos
- majority of events, > 10 GeV
- event peak around 15 -25 GeV

Cascade-like Track-like
Am2,: Best Fit +0.11 107 eV? (Best Fit +10) A E— T -
1.0 Cascade-like Track-like - wmoosc. | By, CC Epuyy,
’ I I : ' I ' I y I ' 4 S Ccor
wm : DVC CC .a;uiualm
3 Rt I 22 S : T BSy.CC § data
S ] 7
0 1By 3 4 1
® 8 LU e || e
- 1 § TR ||| o P A
: 2
33‘ 0.0 4140 —
: : oz
° 1le ¢
o A
_ -2 4 £
05 -2 2 1 1 1 1 1 1 -; 1 1 !
O k= 6 8 10 30 506 810 30 50
-3 ~ eco (GEV)
Lok el o -4 20 GeV | Track Cascade
E.... (GeV) IceCube Preliminary
24% 29%

e
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University of London



IceCube, PRL120(2018)071801

2. DeepCore oscillation analysis

Oscillation fit is dominated around ~30 GeV neutrinos

- majority of events, > 10 GeV
- event peak around 15 -25 GeV

Systematic errors are mostly flux and

detectors.

Future PINGU experiment (>2 GeV) will

be sensitive to neutrino interaction
systematics.

From here, | will discuss neutrino

interaction systematics of future 2-10

GeV experiments (NOVA, DUNE,
HyperK, PINGU, ORCA, INO, etc)

WO Queen Mary

University of London

Teppei Katori

Best fit
Parameters Priors NO 10
Flux and cross-section parameters

Neutrino event rate [% of nominal]  No prior 85 85
Ay (spectral index) 0.00 £0.10 -0.02 -0.02
M, (resonance) [GeV] 1.124+022 092 093
v, + U, relative normalization [%] 100 £ 20 125 125
NC relative normalization [%] 100 + 20 106 106
Hadronic flux, energy 0.00£1.00 -056 -0.59

dependent []
Hadronic flux, zenith 0.00£1.00 -055 -0.57

dependent [o]

Detector parameters

Overall optical efficiency [%] 100 + 10 102 102
Relative optical efficiency, 00+1.0 0.2 0.2

lateral [o]
Relative optical efficiency, No prior -0.72 -0.66

head-on [a.u.]

Background

Atm. y contamination No prior 5.5 5.6

[% of sample]

2018/07/09 15



IceCube-Gen2, JPhysG44(2017)054006, arXiv:1412.5106

2. lceCube-Gen2 and PINGU

Gen2

DeepCore

Bigger and denser
DeepCore can push their
physics

High Energy Extension
Larger string separations to
cover larger area

PINGU

Smaller string separation to
achieve lower energy
threshold for neutrino mass
hierarchy measurement

PINGU PINGU Ey, ~2 GeV (6 GeV for MSW
oscillation max for mass hierarchy

Teppei Katori, Queen Mary University of London 18/06/22




lceCube-Gen2, JPhysG44(2017)054006

2. PINGU

Oscillation fit is dominated around ~30 GeV neutrinos
- majority of events, > 10 GeV
- event peak around 15 -25 GeV

+
“(}_Q_ﬁl Queen Mary Teppei Katori

University of London

2018/07/09



. lceCube neutrino observatory

. lceCube low energy physics

. DIS-Hadronization systematic errors
. DIS quark-hadron duality error

. DIS differential cross section error

. DIS A-scaling error

. DIS PDF error

. Low-W hadronization error
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. High-W hadronization error

10. Conclusions

b
‘(‘Q Queen Mary Teppei Katori

University of London

2018/07/09

18



G. Zeller

- =,

SO N B O 0 o N

3. Beyond QE peak

Axial 2-body current in QE region may be a tip of the
iceberg...

o o o

v cross section / E, (1 0 cm2/ GeV)

+
‘@‘_Q_f)l Queen I\/Iary Teppei Katori 2018/07/09

19
University of London



G. Zeller

2

3. Beyond QE peak £
Axial 2-body current in QE region may be a tip of the f::
iceberg..., or maybe a tip of gozilla! ::

S

- Shallow-Inelastic Scattering (SIS)

Qf)l b '.- C Teppei Katori

University of London

2018/07/09 20



Nakamura et al.,Rep.Prog.Phys.80(2017)056301 traditionally called “transition” region

R
3. Sallow Inelastic Scattering (SIS) physics

Basic ingredients

1. A(1232)-resonance

2. higher resonances

3. non-resonant background
4. low Q2, low W DIS

Rep. Prog. Phys. 80 (2017) 056301

QE

my talk Quasi elastic U o
5. Nuclear dependent DIS y ) 05412 20 DIS
scattering B sy Riuisat
A(1232) higher resonances region SR, ISR
A scattering
[2] .
g | Q 31 RES region
R = Resonance
oo O 2| region
800; (:/ 7
600} o m”)
: 1} , ARNN——
2005 /
1.1; A "‘v A A A A
non-resonant background W (GeVic?) 0 1 2 3 4 > 6

GENIE v2.8.6 V (GeV) (oro, orqg)

+
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Nakamura et al.,Rep.Prog.Phys.80(2017)056301 traditionally called “transition” region

R
3. Sallow Inelastic Scattering (SIS) physics

Basic ingredients

1. A(1232)-resonance

2. higher resonances

3. non-resonant background QE
4. low Q2, low W DIS W (GeV)

Rep. Prog. Phys. 80 (2017) 056301

5. Nuclear dependent DIS _J~ ™ Quasi elastic | 94123

scattering ' '
A(1232) | | higher resonances region

20 DIS

7 ( Deep inelastic

erattarinm

KINSEY
5 _

800: Let,s

: talk

B about

N . SIS physics

200_ > i A & A >

il , 22T s T lax ge

non-resonant background GE‘,(IVH(EGZVE/;CGS) e IS WV o -

VZ.0. R &
rywas gl x 1
ey A
- i N i
%Qf Queen Mary e @S L 2\ Lo

University of London



3. Sallow Inelastic Scattering (SIS) physics, summary

Neutrino interaction generator comparison

Basic ingredients (atmospheric v,-H,0O CC interaction)
g e KNO Transition PYTHIA
1. A_(1232)-resonance - < '
2. higher resonances w0 - | e
3. non-resonant background e [ Resonance
2000; 2 DI
4. low Q2 low W DIS . b | °
my ta =
5. Nuclear dependent DIS ! e r GENIE
Generators show large disagreement for W2 (GeVZ/c?)
SIS models, also none of them look right L0 X10%, _Invariantmass
S oo i =
. . . . S 80F 1 —=
This talk will discuss potential errors of = ol RESIDIS E
DIS and hadronization at 2-10 GeV region. ooE KNOJ PYTHIA5 E
40f- << > =
; : 30 =
Most of studies are done by Shivesh (PhD 20F NUET |
student) and master students 10E- E
o Y& o 10
W? [GeVZ/c?]
SIS is the home of Frankenstein models! s E RES o
§ e ;_ PYT?-IIA fragmentation and KNO ] Quasi-elastic
S 5;_ : ] Resonance
L = [ois
8 g
- T E
L E NuWro
= 1=
%Q)f Queen Mary |
— © % 6 7 ) 9 10
W (GeV?/c?)

University of London



3. Neutrino cross section overview

Deep Inelastic Scattering (DIS)

- a process to scatter a charged lepton by an incident lepton with given energy
- DIS differential cross section is function of x and y

- DIS total cross section is function of Ev, integrated in x and y

h
\E_:_Qj’ Queeﬂ Mary Teppei Katori T 2018/07/09

University of London
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3. Neutrino cross section overview

Deep Inelastic Scattering (DIS)

- a process to scatter a charged lepton by an incident lepton with given energy
- DIS differential cross section is function of x and y

- DIS total cross section is function of Ev, integrated in x and y

Hadronization
- Hadronization is a process to generate hadrons from given Q? and W
- number of hadrons (multiplicity) and hadrons kinematics are computed.

DIS and Hadronization are
modelled independently in
simulation

‘eQ_a’ Queen Mary

University of London

25



Formaggio and Zeller, Rev.Mod.Phys.84(2012)1307

3. Neutrino cross section overview

Deep Inelastic Scattering (DIS)

- a process to scatter a charged lepton by an incident lepton with given energy
- DIS differential cross section is function of x and y

- DIS total cross section is function of Ev, integrated in x and y

Hadronization
- Hadronization is a process to generate hadrons from given Q? and W
- number of hadrons (multiplicity) and hadrons kinematics are computed.

- 5(v)/E = 0.677 + 0.014 x 1038 (cmGeV)

DIS total cross section error ~ 2%7?

- This is the error of CCDIS total cross section
at 30 to 200 GeV

- Most of our analyses need errors of differential
cross section error

o o
a o

°© o o
N w £
Ty

BEBC, ZP C2, 187 (1979) v IHEP-ITEP, SJNP 30, 527 (1979)

v  IHEP-JINR, ZP C70, 39 (1996)
e  MINOS, PRD 81, 072002 (2010)
NOMAD, PLB 660, 19 (2008)

CCFR (1997 Seligman Thesis)
CDHS, ZP C35, 443 (1987) N
GGM-SPS, PL 104B, 235 (1981) ©  NuTeV, PRD 74, 012008 (2006)

e N T
\5‘_@_‘! Queen Mary TePepbéiator 50 100 150 200 250 300 350

University of London E, (GeV)

0cc! E, (10°% cm?/ GeV)

o
—

L mO0<c O

o



3. DIS-hadronization error check list

- Goal is to make event weight with function of Ev, X, y, etc, for IceCube oscillation program
- All errors are expected to be unimportant for DeepCore oscillation analysis (?)

DIS or type of error approach
Hadronization

quark-hadron duality play with Bodek-Yang
parameters (by eyes)
DIS differential xs NuTeV-GENIE comparison ?7?7?
(bottom-up)
DIS A-scaling MINERVA-GENIE 77?7
(bottom-up)
DIS PDF From nuclear PDF, CT10? 7?77

nCTEQ? (top-down)

Hadronization  low W averaged charged play with KNO parameters 7?77

hadron multiplicity (by eyes)
Hadronization high W averaged charged  bubble chamber-PYTHIA 77?7
hadron multiplicity comparison (bottom-up)

+
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. lceCube neutrino observatory

. lceCube low energy physics

. DIS-Hadronization systematic errors
. DIS quark-hadron duality error

. DIS differential cross section error

. DIS A-scaling error

. DIS PDF error

. Low-W hadronization error

© 00 N O O A O N -

. High-W hadronization error

10. Conclusions
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Bodek and Yang, AIP.Conf.Proc.670(2003)110,Nucl.Phys.B(Proc.Suppl.)139(2005)11

4. Bodek-Yang correction for low Q2 DIS

GRV98 is a PDF designed for low Q2 region. Bodek-Yang correction makes GRV98 to work
even lower Q2, or “duality” region by adding higher twist effect

Proton F2 function GRV98-BY correction vs. data

- A: high order twist correction

- B: quark transverse momentum

- Cvu1, Cvu2: valence u-quark PDF correction

- Cvd1, Cvd2: valence d-quark PDF correction

- Cs1u, Cs1d: sea u- and d-quark PDF correction
- X0, x1, x2: d(x)/u(x) correction

Nachtmann M} + B
variable 2x <1 + QZ
¢ - fw =
202
1+ |1+ —4’“094 + —25129(
2
Q + Cvz

Kvalence(Qz) =[1- Gl% (QZ)] '
2

Ksea(QZ) — ¢

2
Q + Csl
Name nominal value uncertainty (%)
PINGU Lol MSCTE 0.99 —15,+25
variations MEES 1.120 +20
4 ABY 0.538 +25
% Q‘_;’ Q een BEY 0.305 +25
() CEY, 0.291 +30
== U By 0.189 +30

University of Lc

0.0
0.

0.5
0.4
0.3

0.2

10~5

0.

tori

1 1 1 L Ladiodod
02 0.03 0.05 0.07 0.10
x [Q2=0.07]

1
0.20 0.30

T T
© SLAC
- = o JLab

Il 1 1

0.3 0.4 0?5
[Q2=0.85]

80 0.85

0.90
[Q2=15]

0.85

0.5

0.4

0.3

0.2 &

0.1

O
1 -

0.0 .
0.2
x

1
0.1

0.4

0.3 0.4
[Q2=0.22]

SLAC resonance fit
(Keppel+Stuart) |

- - - F2(LO:GRVE8)
—— F2(LO+HT:GRV98)

0.0100
0.0050

0.0010
0.0005

0.0001
0.7

10~4

10—5

2018/0//09

1
0.850 0.875 0.900 0.925 0.950 0.975 1.000

[Q2=25]
29



4. Systematic errors of Bodek-Yang correction parameters

BY parameter variation make small variations in Ev. Q2, x, y.
- Ev: <2% variation in all region

- Q2: ~8% variation at Q2=0.5 GeV2

- X: ~560% variation at x~1

- y: ~6% variation at y~0

Errors of parameters are E e
quoted without any oo LosE-
correlations. oeft | tosE-
LR B et i
Variations can be large by o_ggﬁ_:—% ‘%“:- | %‘I’ EaES; o.%%—gg—r_:‘—ﬁ:‘_'_ ESRE oS sany
assuming correlations on ossE- ossF-
these parameters. ST osufl
oss;— oszﬁ.
088 I N B S S S S
Ev (GeV) Q* (GeV?)
I.I:
1.08 —
1.05§=f—
1.ua;a:
1.0=;E— —+== _ e
AEEE o eSS R
098 R
0.96;
0.94
ey 0.925—
‘E’Q‘! Queen Mary Ol e e b
— X y

University of London



4. DIS quark-hadron duality error, summary

Lack of correlations between BY parameters make impossible to estimate meaningful error
-> First of all, we need to update Bodek-Yang correction with a modern PDF.

DIS or type of error approach
Hadronization

quark-hadron duality play with Bodek-Yang maybe
parameters (by eyes) large?
DIS differential xs NuTeV-GENIE comparison 7?7?77
(bottom-up)
DIS A-scaling MINERVA-GENIE ??7?7?
(bottom-up)
DIS PDF From nuclear PDF, CT10? 7?7?77

nCTEQ? (top-down)

Hadronization  low W averaged charged play with KNO parameters 7777

hadron multiplicity (by eyes)
Hadronization high W averaged charged  bubble chamber-PYTHIA 7777
hadron multiplicity comparison (bottom-up)

+
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. lceCube neutrino observatory

. lceCube low energy physics

. DIS-Hadronization systematic errors
. DIS quark-hadron duality error

. DIS differential cross section error

. DIS A-scaling error

. DIS PDF error

. Low-W hadronization error

© 00 N OO O A~ O N -

. High-W hadronization error

10. Conclusions
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NuTeV, PRD74(2006)012008

GENIE v2.10.6

Shivesh Mandalia
(Queen Mary)

5. GENIE-NuTeV comparison

- By definition, GENIE reproduce NuTeV data
- Agreement at very low x is poor

-

o

150 GeV

-

o

-

-

o

-

o

-

o o
Ul = ) U = N)N= I = TN = TN = N

C

© ©°
[

o ¢
[4

o o
=i
{ LAAE LA LALRI AR AU U
R L LA L )  ui w ta

'_%*«aﬁ_ x=0.650

01

0?2 03 04 05 06 07 088 09 1 01 02 03 04 05 06 07 08 09
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NuTeV, PRD74(2006)012008

5. DIS differential cross section error
F(x,y) = bx™¢
GENIE-NuTeV comparison
simple 2-parameter model with a= 0.08, b=0.87 (for a trial)

1/E d%c/dxdy ( x 10~ ®¥cm?/GeV)

gevgen_teppei ID 14 ) gevgen_teppei ID 14 ) ]
14 Neutrino Anti-Neutrino 14 Neutrino Anti-Neutrino
12 i ] 12 ]
of o e e | b (x=0015] e
06 |- i ! t " ERMCMIIT oo T Lo, ,‘: ““““““““ o 06 |- 1]
0dl ' i 0atb . ]
02 L1 He 1o
18 H l i f | ] I ' i | (E . : | i PO ] I : I i
%é: H o NPTt ; 10 f H
b 4o v poid os bt i
gg L 25
- 20} |
12;) oy Pt P i . X | 20 b ! i ! : 1 1 i1
10 |y 10 | 4
os |- os | ]
25 25
20| I 20| [ } 1 i : .
oo e M- i po Y : t i : i
10 | 10 |1 1
os | os | ]
25 ’S‘ 25
20 |-y . 1 I i [+] 201 oy " : ' FOPTINNP RIS 1 1
15 | v [ SRLeTEE 1 ' 1 U 15 v t T i $ LRETY
o
os > os| 1
os | ]
20 - g 20 1
15 | i E i 1 ! } § 1 I 1 ﬁu 15 | | k ¢ E O t f T t i |-
10 |! | 10 |t 1
os | ] e S o os) ]
-
F ] ig [ T 1 } ]
R ah 1 X oy E B 1
. ; foeege g T Ry — 10} e
P H! el AL asf ]
g 1 B B oot 1
: ] T cown 8 02f ]
a . _é
2 1 ] 12 [ . ]
ol ] E i PR i . . o 1 ) x =0.350 ~. 10l 1 AL T . . ; . . 1
08 |1 1 Ho E ; 03 ! (.
06 |- i 1 # ]
- 4 o SR 1
a .
b4 S ; ] B 91 gepe T
I ; 1 s . 1 o
g—| ! ! 1 1 1 ' e ™~ 03k : t t i 1 ¥ , R L LR
af ] e — 0l i )
03[ ] 03[ ] o ——
8ir ] 8if ]
e 1 —
oar . I TR ) P i poet 5
03}l ey ; ! I i ' I i ! i
02 | : 1 s S
01 R Tomgy . I 1
025 TN 892
020 [ [ | - | : .]:15 ] ozo»| | | - | :
015 | I ; i i l I ER 015 | } i | 1 i . $
| e | r _—
0(1)5 - d e SO - ik oos §
014 T T T T T T — - T T T T -
012 | | | 010 | | ]
o0 '| ' | 1 i 008 '| L I s ] 5
go bl -l AR 00s [ N |
004 || I I i I LR (R 004 | i I |
002 | g R e 002 |- : i i i R ST RPN Oy i
0.0 0.2 04 0.6 08 10 02 04 06 TEppele 0.0 0.2 04 0.6 . 0.2 04 0.6 08 10
Y Y Y Y

{E = 65.00 GeV) (E = 65.00 GeV)




NuTeV, PRD74(2006)012008

5. DIS differential cross section error
F(x,y) =bx™¢
GENIE-NuTeV comparison
- simple 2-parameter model with a= 0.08, b=0.87 (for a trial)
- it has 2-3% shift of energy spectrum in 30-200 GeV
- However, the shift (~error) is larger than £2% at <10GeV and >300 GeV

Impact of low energy sample DIS re-weighting

115 |

110 | +2%

105 | ]
-_8100 |_| _TMM
R — s’

095

090

0.85

0.80 - -
10° 10} 10° 10°

Energy (GeV)
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5. DIS differential cross section error, summary

There may be ~3% energy scale error on DIS cross section below 10 GeV and
negligible effect on current IceCube analysis. This error looks safe for any iron target
experiments.

DIS or type of error approach
Hadronization

quark-hadron duality play with Bodek-Yang maybe
parameters (by eyes) large?
DIS differential xs NuTeV-GENIE comparison 3% by
(bottom-up) GENIE study
DIS A-scaling MINERVA-GENIE ??7?7?
(bottom-up)
DIS PDF From nuclear PDF, CT10? 7?7?77

nCTEQ? (top-down)

Hadronization  low W averaged charged play with KNO parameters 7777

hadron multiplicity (by eyes)
Hadronization high W averaged charged  bubble chamber-PYTHIA 7777
hadron multiplicity comparison (bottom-up)
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. lceCube neutrino observatory

. lceCube low energy physics

. DIS-Hadronization systematic errors
. DIS quark-hadron duality error

. DIS differential cross section error

. DIS A-scaling error

. DIS PDF error

. Low-W hadronization error

© 00 N O O A~ O N -

. High-W hadronization error

10. Conclusions
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MINERVA,PRD93(2016)071101
HKN,PRC76(2007)065207, EPS,JHEP04(2009)065, FSSZ,PRD85(2012)074028 ,nCTEQ, PRD80(2009)094004

6. Neutrino nuclear-dependent DIS processes

c CH
Ratio of 90" do
dx

dx
Vo T 12C
Basic ingredients R
1. A(1232)-resonance s o0 |
2. higher resonances g
3. non-resonant background R : B N —
4. low Q2, low W DIS oo} =
5. Nuclear dependent DIS 0f ooz o5 04 05 o5 o7
Bjorken x
MINERVA DIS target ratio data (C, Fe, Pb) . & P
- Neutrino nuclear-dependent DIS effects may be 12 NOT oscalar Gorrected
different from charged lepton sector s 1af
- Neutrino beam is like a “shower”, and it interacts = 1o
with all materials surrounding the vertex detector. Y5 oo

MC needs to simulate all neutrino interactions for all ok = Cloetreron
. . . [ BY13 Fe/CH
inactive materials.
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MINERVA,PRD93(2016)071101

6. DIS A-dependent error

GENIE-MINERVA comparison
- Make a polynomial scaling function in A from data-MC ratio.

do? do®H

10A

095(15 — 4)

0.95(A— 13.25) ,

- Weight GENIE with function of x

- Bottom-up A-dependent DIS correction in x
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a
%Qf Queen

University of Lor
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MINERVA,PRD93(2016)071101

6. DIS A-dependent error

do? do“" 10A 095(15— 4)  095(4—1325) ,
dr ' “dz  (—0.0084A2 + 9.9A + 16) A | (A—10)

GENIE-MINERVA comparison
- Make a polynomial scaling function in A from data-MC ratio.

- Weight GENIE with function of x

- Bottom-up A-dependent DIS correction in x

- Make prediction of correction in any targets, for example oxygen
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6. DIS A-dependent error

- Goal is to make event weight with function of Ev, X, y, etc, for IceCube oscillation program
- All errors are expected to be unimportant (?)

DIS or type of error approach
Hadronization

quark-hadron duality play with Bodek-Yang maybe
parameters (by eyes) large?
DIS differential xs NuTeV-GENIE comparison 3% by
(bottom-up) GENIE study
DIS A-scaling MINERVA-GENIE maybe
(bottom-up) large?
DIS PDF From nuclear PDF, CT10? 7?7?77

nCTEQ? (top-down)

Hadronization  low W averaged charged play with KNO parameters 7777

hadron multiplicity (by eyes)
Hadronization =~ high W averaged charged  bubble chamber-PYTHIA 7?7?77
hadron multiplicity comparison (bottom-up)
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. lceCube neutrino observatory

. lceCube low energy physics

. DIS-Hadronization systematic errors
. DIS quark-hadron duality error

. DIS differential cross section error

. DIS A-scaling error

. DIS PDF error

. Low-W hadronization error

© 0O ~N OO O A~ O N -

. High-W hadronization error

10. Conclusions
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Shivesh Mandalia
(Queen Mary)

7. DIS PDF error

We tried to use couple of PDF from LHA PDF
- CT10 (NLO)

- HERAPDF15 (NLO)

- NNPDF23 (NLO)

These PDFs give different results from GRV98, which one is right?

Atmospheric Neutrinos - Oxygen - x z ,m‘,;**ﬁ; G RV9 8 VS, CT 1 O

12000 =
C I — P C L
3 10008f r’JLLEL‘ ( ) - G c "*E -
— . - L _
i N . V saao: =
- 4 C =
ol ~ (MINERvA data) . )
m-— 4000 [ *:i
C 2000 _:*,
4000 C T
g LLLH:‘lL JR S U IR B PRSP Bis ===
2000 L‘—LL‘HN s VE
—_=— 09 E- “‘-"‘,.‘ ! !
TETH FRETE FEETE FEETE FETEE FETEE TR ST B e s - — — 08 At | |
00 o1 02 03 04 s 0s [k os s 07 RN RN AR
Bierhan » 01 02 03 [ 05 06 07 058 09
hincban v nns
Z 16 - -
-~ GRV98 vs. HERAPDF15 " = GRV98 vs. NNPDF23
- g =
== = 10000 o
= C -
*+ sooo: s
:: 6000 s
:y 4000 i:__
SV::_ 2000 :"‘:
o e
P SS— p— e = BT
e TR 4 U
wQf Queen Mar ¢ e R
Q J 07, L] 02 03 04 05 06 07 08 09 \ 08 S T i I )
= . 07 o1 02 03 04 05 06 708 [ )
nubar_bjorken-x.png )

University of London

nu_bjorken-x.png



7. DIS PDF error

- Goal is to make event weight with function of Ev, X, y, etc, for IceCube oscillation program
- All errors are expected to be unimportant (?)

DIS or type of error approach
Hadronization

quark-hadron duality play with Bodek-Yang maybe
parameters (by eyes) large?
DIS differential xs NuTeV-GENIE comparison 3% by
(bottom-up) GENIE study
DIS A-scaling MINERVA-GENIE maybe
(bottom-up) large?
DIS PDF From nuclear PDF, CT10? maybe
nCTEQ? (top-down) large?
Hadronization  low W averaged charged play with KNO parameters 7777
hadron multiplicity (by eyes)
Hadronization =~ high W averaged charged  bubble chamber-PYTHIA 7?7?77
hadron multiplicity comparison (bottom-up)
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. lceCube neutrino observatory

. lceCube low energy physics

. DIS-Hadronization systematic errors
. DIS quark-hadron duality error

. DIS differential cross section error

. DIS A-scaling error

. DIS PDF error

. Low-W hadronization error

© 0 N O O A~ O N -

. High-W hadronization error

10. Conclusions

e
‘(‘Q Queen Mary Teppei Katori 2018/07/09 45

University of London



AGKY model, EPJC63(2009)1 Carl Stanley
TK and Mandalia, JPhysG42(2015)115004, arXiv:1602.00083 (Queen Mary)

8. Low-W hadronization model

In AGKY model, hadronization model is a combination of 2 models.

KNO-scaling based model (low W hadronization) _ 2

- Data-driven model (agree with bubble chamber data, by construction) <nCh> = Qcn F bCh . ln(W )

- Averaged charged hadron multiplicity <n,> is chosen from data, with empirical function

- Averaged neutral hadron multiplicity is chosen from isospin. 2e—C cn/(n)+1

- Then variance of multiplicity is chosen from KNO-scaling law. <n> . P(n) _ e °C
['(en/(n) + 1)
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o s R S 10 E
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i ] % 10<W<15GeV]
i ° ] ]
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' ,,g(“”s © BESL VI, E
°r 2 — AGKY ]
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AGKY model, EPJC63(2009)1
TK and Mandalia, JPhysG42(2015)115004, arXiv:1602.00083

8. Low-W hadronization error

| added +25% variation on “b,,” parameters
—> This imitate discontinuity of hadron multiplicity

It looks to cover existing data variation

Then translate this variation in terms of hadron

visible energy non-resonance

Level7 (Final level) 14585
6 T T

multiplicity
variation

Average Meson Multiplicity (CC)
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0 L L | L 1 L
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Reasonably large variation (~10-20%) in y
(under investigation)
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5. Low-W hadronization error, summary

This error may or may not be important for current and future oscillation experiments.
—> There is interplay with resonance region (baryonic resonant and non-resonant
background models).

DIS or type of error approach
Hadronization

quark-hadron error play with Bodek-Yang maybe
parameters (by eyes) large?
DIS differential xs NuTeV-GENIE comparison 3% by
(bottom-up) GENIE study
DIS A-scaling MINERVA-GENIE maybe
(bottom-up) large?
DIS PDF From nuclear PDF, CT10? maybe
nCTEQ? (top-down) large?
Hadronization low W averaged charged play with KNO parameters maybe
hadron multiplicity (by eyes) large?
Hadronization high W averaged charged  bubble chamber-PYTHIA 7777
hadron multiplicity comparison (bottom-up)
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. lceCube neutrino observatory

. lceCube low energy physics

. DIS-Hadronization systematic errors
. DIS quark-hadron duality error

. DIS differential cross section error

. DIS A-scaling error

. DIS PDF error

. Low-W hadronization error
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. High-W hadronization error

10. Conclusions
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Kuzmin and Naumov, PRC88(2013)065501
Gallmeister and Falter, PLB630(2005)40

9. High-W hadronization model

Kuzmin-Naumov fit
- They systematically analysed all bubble chamber data
- Difference of hydrogen and deuterium data

- Presence of kinematic cuts L RIS SE e

- Better parameterization [ . Jones et al,, CERN WA2L, 1992 ',’:: ® Jongsjens et CERN WAZS, 1089 y

. L :: :l:l: f:ajzt::: \‘::3: :gz(l) | I’L/Z- 4 Zieminskaef al., FNAL ES45, 1983 -

All PYTHIA-based models [ 7 CemmaamaEs e YT ‘

. [ —— i I+ = . 4
underestimate averaged charged o I R «—L NuWro

i R p (non-diffractive) ’ | A — ® p (nonediffractive) - |
hadron multiplicity data D s a0 = N v/ €—TGENIE
H === GENIE-AGKY 71/ : === GENIE-AGKY /7 --GIBUU

(GiBUU, GENIE, NuWro, NEUT) s| — amuy ’ ] ]

Sketch of fragmentation [ g
At from q — q string breaking # P !
ar . .
hl 3 t P
sk ] ]
’i O (Grisslereral., CERN WA21, 1983

= - ®  Sasrikko eral., CERN WA2I, 1970 7 7

O Schmitz, CERN WA2I, 1979 I © Allssiaeral, CERN WA25, 1984 |

¢ Bell eral, FNAL E45, 1979 1L (@ >1GeVY) ]

I @ < 0" <64 GeVY) 1L ¢ Kitgeki ef ol FNAL ES45, 1980 |

1 . ) o ¥ =) J ) ) . . ) o ®)

1 T 10’ 1 10 10°
W2 (GeVY) W2 (GeVD)
> Average charged hadron multiplicity with function of W?
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Sjostrand, Lonnblad, and Mrenna, hep-ph/0108264 Shivesh Mandalia
Gallmeister and Falter, PLB630(2005)40, TK and Mandalia,JPhysG42(2015)115004 (Queen Mary)

"
9. High-W hadronization model Ee- Y nevE R
En>Ep, '
N TP eff El:lis -
Averaged charged hadron multiplicity <ng,> Y=o, g
h + Ey

- PYTHIAG with tuned Lund string function can

Hadronization error pr tion
reproduce <n.,> data both neutrino and antineutrino. adronization error propagatio

- Difference of averaged charged
hadron energy distribution | | tunnelling probability hadron multiplicity is translated to
from iterative process v visible hadron energy, then effective
‘1' —bm? inelasticity. Impact of hadronization
f(2)xz'(1—-2)% -exp| —— : : :
error is small for experiments which
only measure hadron shower.

Lund string
function

Neutrino average charged hadron multiplicity
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TK and Mandalia,JPhysG42(2015)115004 Shivesh Mandalia
Zieminska et al (Fermilab 15’),PRD27(1993)47 (Queen Mary)

9.

A
=
3

c

\'

High-W hadronization dispersion error? s:
’

Bubble chamber topological cross section data
Although averaged charged hadron multiplicity makes continuous curve, topological cross
sections are discontinuous, because multiplicity dispersion by PYTHIAG is much narrower
than bubble chamber data.

If the experiment is sensitive to exclusive hadron channels (T2K, DUNE, etc), you need to re-
think how to propagate hadronization error...

v-p topological cross section (GENIE)
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9. High-W hadronization error, summary

This error gives negligible effect for current IceCube analysis.
- We can evaluate averaged charged hadron multiplicity error. But evaluations of any other
errors are difficult (averaged neutral hadron multiplicity, dispersions, topological cross sections).

DIS or type of error approach
Hadronization

quark-hadron duality play with Bodek-Yang maybe

parameters (by eyes) large?

DIS differential xs NuTeV-GENIE comparison 3% by
(bottom-up) GENIE study

DIS A-scaling MINERVA-GENIE maybe

(bottom-up) large?

DIS PDF From nuclear PDF, CT10? maybe

nCTEQ? (top-down) large?

Hadronization low W averaged charged play with KNO parameters maybe
hadron multiplicity (by eyes) large?

Hadronization ~ high W averaged charged  bubble chamber-PYTHIA  few % by

hadron multiplicity comparison (bottom-up) GENIE study
JPhysG42(2015)115004
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. lceCube neutrino observatory

. lceCube low energy physics

. DIS-Hadronization systematic errors
. DIS quark-hadron duality error

. DIS differential cross section error

. DIS A-scaling error

. DIS PDF error

. Low-W hadronization error
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. High-W hadronization error

10. Conclusions
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Conclusions

This moment, neutrino interaction systematics are not important for lceCube oscillation programs.

For future 2-10 GeV oscillation experiments (NOVA, DUNE, Hyper-K, PINGU, ORCA, INO, etc),
we investigate 6 new systematics on DIS and hadronization processes.

1. DIS quark-hadron duality error

2. DIS double differential cross section error
3. DIS A-scaling error

4. DIS PDF error

5. Low-W hadronization error

6. High-W hadronization error

(2) and (6) are evaluated to be small and have been used in IceCube. (1), (3), (4), (5) are
potentially large and they need further investigation.

This list is not exhaustive.
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Jon Link, Fermilab Wine & Cheese seminar (2005)

2. Dark age of neutrino interaction physics

(1) Measure interaction rate Phys. Rev. D [ I EENENRNELHEE

(2) Divide by known cross section to obtain flu The distribution of events in neutrino energy for
(3) use this flux, measure cross-section from  the 3C vd—u"pp; events is shown in Fig. 4 to-
measured rate gether with the quasielastic cross section
o(vn—pu~p) calculated using the standard V —A4
_ theory with M, =1.05+0.05 GeV and M, =0.84
What you get? OF COURSE the cross section Gy, The absolute cross sections for the CC in-
you assume! teractions have been measured using the quasielas-
tic events and its known cross section.*

T | mTTT I T T T l T TTT | T T T I TTTT | T i 8 T T T T
O CCFRR ]
o C W BNL 7—feet i [ ot (vN) (2) ]
(05) 1.00 — O ANL 12—feet —
< ® ANL 12—feet E 6} ]
o S o
E B \\ ] 5
O 0.7 — N Il L - o 5r 7
I N . = P TEOEDE . 2
@© \ z
7 i % N 4
o r - - i )
= 0.50 — ’% ] 5
S~ : ".‘ [+ o]
. i E Total CC ©3r )
£ o L S T o(DIS) Q
~ 3 — =
S 0.25 i %{4 -------- o(qel) - 2r ]
5 L : % “aol o(1m) b
00%1 1 il !-f.lsl L-r';lo 1 1 |5| 1 ||‘~|0|ké>” "‘I"'-v——iéo‘t.ol.niajoo i i I LD ]
' ' ’ E,, (%xe\}') ' ' . 0 1 1 ! e
0 2 4 6 8 0]

E, (GeV)
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IceCube, PRL120(2018)071801

2. DeepCore oscillation analysis

Oscillation fit is dominated around ~30 GeV neutrinos.

2, : -3 2 .
Amgy: Best Fit +0.11 107 eV” (Best Fit +10) sin? 0,y Best Fit +0.07 (Best Fit +10)
1.0 Cascade-llk,e B ITra,ck-hkel 4 1.0 Cascade-like Track-like
3.2
3 g\g 24 _
~ X
051 1 117% ¢ 0.5y il 1116 o
g g
3 TE ~ 108 %
g 5 & &
g 00 11105 & 00 11400 =
7 + = -
o) 8 <) 8
© 1-1 g “ 108 5
V] ()
[To} a0
0.5 1-2 & 0.5 -1.6 g
s s
-3 -2.4
3.2
1.0 - -4 1.0 ]
“6 810 30 506 810 30 50 6 810 30 506 810 30 50
E.... (GeV) IceCube Preliminary Eieeo (GeV) IceCube Preliminary
20 GeV Track Cascade

AE 24% 29%

e
‘&6’ Queen Mary Teppei Katori AD 10° 16°
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IceCube, PRL120(2018)071801

2. DeepCore oscillation analysis

Majority of events are 10-30 GeV

- 3-year data
Cascade-like S0t F18 o ke lik
ascade-l11Ke rack-l11Ke
1-0 1 A I T ! 1 J 1 1 A I . 1 . 1 1 1000
31 93 241 SGINENEEEES34 222 137 32 85 143 186 208 179 119 67
103 218 40 172 66 101 162 223 271 276 230 147 800
0.5 1t 2
6 219 || 119 150 216 288 355 366 310 211 _3
=
—~ 600 <
8 O8 264 || 179 193 266 295 Lﬂ
= Sy
< 0.0 1 | S
~— -
@ 249 || 248 240 291 332 L
Q
S 1400 =
=
195 || 252 236 260 279 338 343 347 262 Z
0.5 1+ 1
327 216 148 || 218 192 211 206 220 215 218 186 7] 200
5 333 242 158 104 182 197 206 206 171 137 128 113
_1.0 L Il 1 — L Il ! Il 1 1 L ] O
6 8 10 30 50 6 & 10 30 50
E.... (GeV) IceCube Preliminary
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MINERVA,PRD94(2016)052005

3. Physics of A resonance

Basic ingredients MINERVA vCC1n* and vCC1n° data simultaneous study
1. A(1232)-resonance - Interaction channels and FSls are studied within GENIE
2. higher resonances - this moment, there is no clear way to tune MC for A

3. non-resonant background S ] o :
4. low Q2, low W DIS vCC17-and vCC1=° will be added (Ramirez, Nulnt2017)

5. Nuclear dependent DIS

A(1232) higher resonances 140 100 _
C v, +CH-p +nf+ X (@) vy+CH—- p +1* + X Data (3.04620 PO
| [ (@) Ve H —}— Data (3.04e20 POT) e —+4— Data (3.04e20 POT)
(7)) | 120 |- POT Nomalized I Coherent 4 Normalize  Final State
c F Delta resonance 80 Multi-x —
OC) i 100 [~ I Other resonances i . :gelaﬂstic
1200 ] - n* Elastic
5 ’ - Non-Resonant 60 I ~° Non-Interacting

A

1000
40 |

i

8oof- i

do/dQ? (10 cm?/nucleon/GeV?)

do/dQ? (10™*° cm2/nucleon/GeV?

20
600 00 02 04 06 08 1.0 12 1.4 1.6 1.8 20 00 02 04 06 08 1.0 12 14 16 18 20
2
Q@? (GeV?) Q? (GeV?)
400
< 25 —~
e el () Vu+ CH— u* +10 + X N> ©) V, + CH— p* +7°+ X
200 3 . POT Normalized —4— Data (2.01e20 POT) 8 Area Nomalized —4— Data (2.01e20 POT)
[ ~
- % 20 - Delta resonance s 2 Multi-x — n°
[ 8 C Bl Other resonances < { -
. 5} - .
2 151 [l Non-Resonant E 15 [ 0 Inelastic
2 & F n° Elastic
W (GeV/c E Ok } t
non-resonant background ( ) S of S 1 I ° Non-interacting
GENIE v2.8.6 $ { %
o 5 z
8 G
8 : i % $ 3
00 02 04 06 08 10 12 14 16 1.8 20 00 02 04 06 08 1.0 12 14 16 1.8 20

Q@* (GeV?) Q? (GeV?)
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Nakamura et al,Rep.Prog.Phys.80(2017)056301

3. Physics of higher resonances | pcc model vs. electro-pionproduction data

Basic ingredients
1. A(1232)-resonance
2. higher resonances

3. non-resonant background et
4. low Q?, low W DIS 0 ,-wﬁ ,
5. Nuclear dependent DIS x,\/"
DCC model Z:, ‘Wﬁ JJMMJJJJM
- Total amplitude is conserved JJJMJ AL wawfw‘é ‘
- Ch.annels are lcoupled (pN’ ppN, etC) FIG. 8 (color online). Unpolarized differential cross sections, do/dQ} (ub/sr), for yn — 7z~ p. The data are from Refs. [55-78]
- 2 pion productions ~10% at 2 GeV 1 ,
Role of high W resonances in neutrino . »
experiments is not understood (and < vt/ -
probably modelled incorrectly). GENIE Py 001
highW events are usually tuned down in 2 |
>

MINERVA hadron analyses Y )

0.001

oooor VWL . 4 . . .7

0 0.5 1 1.5 2

E, (GeV)

+
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Rodrigues,Wilkinson,McFarland,EPJC76(2016)474

3. Physics of non-resonant background

events

1200~

1000—

Basic ingredients

1. A(1232)-resonance
2. higher resonances

3. non-resonant background

4. low Q2, low W DIS

5. Nuclear dependent DIS

A(1232)

higher resonances

800|—

non-resonant background

‘aQ_J Queen Mary

University of London

1l6r — 17
W (GeV/c?)
GENIE v2.8.6

Non-resonant component and resonances
are incoherently added (=wrong, but easy
to simulate).

Non-resonant background is identified to be
DIS at higher W.

Non-resonant background in GENIE needs
to be reduced more than 50%.

é T BestFi(y?=95) % — BestFit (= 23.0)
= 100 —--- BestFRDIS 5 300¢ -—- BestFRDIS
E ——— GENIE Nom. (1 = 6.6) E n ——— GENIENom. (12 = 15.3)
) — — GENIENom.DIS = . f &\ — — GENIENom.DIS
< —4— DataANL < 200 4_ J —4— DataBNL
N\
soff
100+
0 Pt efese e Sr A I - 1 ~ 1 0 ey ey W R L
0.0 02 04 0.6 0.8 1.0 0.0 0.5 10 15 2.0

Q? (GeV) Q2 (GeV)

(c) ANL Q2 (d) BNL Q2

But by doing this hadronization would make
large discontinuity.
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Bloom and Gilman, PRL25(1970)1140
Graczyk et al,NPA781(2007)227, Lalakulich et al, PRC75(2007)015202 2x

3. Quark-Hadron Duality Nachumann ¢ = e
QZ

Basic ingredients
1. A(1232)-resonance

2 higher resonances Proton F2 function GRV98-BY correction vs. data

3. non-resonant background R - .
4. low Q?, low W DIS N S ]
5. Nuclear dependent DIS {1 o2 ]
. - 0.1 e
GRV98 LO PDF + Bodek-Yang correction SIS S Taaee et
= GRV98 for IOW Q [).IS . 0‘5_ ' ' ' ; SI.A'C E o l l SLAKC res'onéxncc fit
- Bodek-Yang correction for QH-duality PSR o 1 ONGA - retoomen ]
- 20 years old, outdated P £ eeb SR reenmonnd
- not sure how to implement systematic errors  °'f ] |
2 0.1 0.2 O.EJQZ:.S-BSO].{: 0.6 0.7
M? + B
2x\ 1+ =52 { oo
§—o &y = o.10f .
2 2 vosh ] 0:0010
1+ |1+ 4XQ£/I + 2512’“ |
2 + C 102 P ' ' ' 10-2
2\ 2 2 Q v2 5 T~ o
Kvalence(Q ) = [1-G5(Q9)]- 21 C 10-3 N~ e
Q vl ° Y 10—4
WO k. 0n) = —° R
C - Ksea(Q ) -V A Teppei | 0.80 0.85 0.90 0.85 1.00 0.850 0.875 0.900 0.925 0.950 0.975 1.000

QZ + CSl [Q2=15] [Q2=25]



MINERVA,PRD93(2016)071101
HKN,PRC76(2007)065207, EPS,JHEP04(2009)065, FSSZ,PRD85(2012)074028 ,nCTEQ, PRD80(2009)094004

3. Neutrino nuclear-dependent DIS processes

c CH
Ratio of 90" do
dx

1.6 — dx
15? NOCTAIZ ;‘i :\g . d 1ZC
Basic ingredients 14F |
1. A(1232)-resonance s o0 |
2. higher resonances oqx 145
BIC 10k
3. non-resonant background OoF B S —
4. low Q2, low W DIS 0sf e en
- GENIE 2.6.2C/CH
5. Nuclear dependent DIS 0607 02 03 04 05 06 07
Bjorken x
. Ratio of 9o’ do®!
MINERVA DIS target ratio data (C, Fe, Pb) I 56
. E 3.12e+20 POT e
- Neutrino nuclear-dependent DIS effects may be 121 NOT Isoscalar Corrected
different from charged lepton sector s 1af
. . . [e]k -] E
- Why we care? Because neutrino beam is like a T aof
“shower”, and it interacts with all materials BT oo
surrounding the vertex detector. MC needs to osh = Ceraron
. . . . . [ BY13 Fe/CH
simulate neutrino interactions (and particle ogb oo | (== cENE2B2FIOH |
. . . . '6.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
propagations) for all inactive materials. Bjorken x
Ratio of 907 . do! 208Pb
V_AI V- P b 1 3 [ MINERVA Preliminary > =
lt;leutrino {::? % 12] NOT lsasoaler Gorrected I
eam v-Si [l ==, APREE |
— > jfé ey = 2;;5_” 1 3 -
neutrino n%"é 0_9§
* detector - —&— Data (syst. + stat.)
YaY M 081~ Bv13 Pt/ CH
C,Q‘) Queen ary Teppei Katori 0.5:‘ R e S

0 01 02 03 04 05 06 07
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AGKY, EPJC63(2009)1

TK and Mandalia,JPhysG42(2015)115004

3. GENIE SIS model GENIE is the most widely used

events

neutrino interaction generator

Cross section

W2<2.9 GeV?: RES

W2>2 9 GeV?2: DIS

Hadronization

W?2<5.3GeV? : KNO scaling based model
2.3GeV2<W?2<9.0GeV? : transition
9.0GeV2<W?2 : PYTHIAG

There are 2 kind of “transitions” in SIS region
- cross-section
- hadronization

4000 W2 dlstrlbutlon for H,O target with atmospheric-v flux (GENIE) GENIE v2.8.0
2 KNO Transition PYTHIA
3500 2 T <
RES

3000 \ —— Total

Quasi-elastic
Resonance

2500

=

2000

|‘III|’IIII’IIII‘IIII‘IIII

DIS

1ENN /DIS
Non-resonance - /
background i
(low W DIS) —

500 g M g

0 | | L [ ''''' [Z 1 FI L 1 H 1 § 1 1 1 1 ! 1 L 1 i 1 H L
0 4 5 6 7 8 9 10

University of London



3 N EUT S | S mOdel NEUT is the generator used by all Japanese

neutrino programs (T2K, SuperK, etc)

\(l3vr2o<s43 ée(\;}IZO_nRES There are 2 kind of “transitions” in SIS region
W2>4 G:VZ j DIS - cross-section

R - hadronization
Hadronization plot made by
W?2<4GeV? : KNO scaling based model Christophe

Bronner (IPMU)
4GeV2<W?2 : PYTHIA5

W2 distribution for H,O target with atmospheric-v flux (NEUT)

D
*g 100 gl T T T T T T T I T T T T I T T T T I T T T T I T T T T I T T T T I T T T T I T T T T I T T T Ig
S 90 I =
> SOE RES!DIS =
+H= = ! 3
70E- KNO 1 PYTHIAS =
60 <€ ; > =
Non-resonance 50 - ! —=
background 0 = : E
(low W DIS) M\E\ [ 4 DIS
305 i =
20F I —
: - 31 //E ’i%/ z - oSNNS l 1 I ........... —
+ Y % 1 2 3 4 5 6 7 8 9 10
A()s W2 [GeVZ/c?]

University of London



3. NuWro SIS model NuWro is often used for some studies

because of user-friendly structure

Cross section
W2<2.5 GeV?: RES
W2>2.5 GeV?2: DIS

There are 2 kind of “transitions” in SIS region
- cross-section
- hadronization

Hadronization Filemade by mlh
- PYTHIA fragmentation Luke Pickering m
- KNO scaling (MSU)

W?2 distribution for H,O target with atmospheric-v flux (NuWro)

Xlu -

= 8E

S 7 :

E il ] RES DIS Total

g 6F | PYTHIA fragmentation and KNO /| Quasi-elastic

q?‘ 5 ;_ : ] Resonance

& s A DIS

3 El N

= 260 N

¢ HAN

L = \
Non-resonance 0: l&.\\ PG KIUTOUN s e i coe e e i e S I 1 | PP I R
background part 0
of RES with / 2 3 : TeppeiSKatori 6 7 8 201%7‘-/?%} \}2(; 4y 69
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HKN,PRC76(2007)065207, EPS,JHEP04(2009)065, FSSZ,PRD85(2012)074028

nCTEQ, PRD80(2009)094004

3. Nuclear dependent DIS process

1. A(1232)-resonance
2. higher resonances
3. non-resonant background
4. low Q2, low W DIS
5. Nuclear dependent DIS

+ .
¢ -Fe nuclear correction factor

1.20 1
115k A=55, Z+26 Q*=5 GaVv?, f}

- — 3

1.10F . 3

- L1E

1.05F =

- h\\\ \ 3

— 1.00F : L
" r % 1 E
= 0.95F e T+ =
= TTE_._- - ‘1><;— -~ L f 3
- 0.90 E i /P? '\\ == 4 - : T4 £
0.85F / it o ' :

2 KP N i aE

0.80F =

- S mC 3

07SE HRNO7 (NLG) E
0.70 = ppe . =

0 , g EMC effect L

shadowing

anti-shadowing

Fermi motion

‘Qz’ Queen Mary

University of London

Nuclear PDF
- Shadowing, EMC effect, Fermi motion
- Theoretical origin is under debate

- Various models describe charged lepton data
- Neutrino data look very different

v-Fe nuclear correction factor

1.20¢ '
- A=56, Z=26 Q%=5 GeW? |
1.15F H
1.10F =
1.0k ; N PRI N E
iie 740 2 \‘j:. 2l
1 0 :“? T - *P — h :
5 - -k ) i - T m\ \.\ 5
0- = A // 1+ l T JE
" T 53 ," -
0.905 4 Lo S imE
= _Liikp  f NG RE
0.85F i
= -1 sLACNME - - HKMOZ (LI 3
0.80C ' ‘ -
107 1
X
no shadowing?
EMC effect at x~0.17?
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Bodek and Yang, AIP.Conf.Proc.670(2003)110,Nucl.Phys.B(Proc.Suppl.)139(2005)11

4. Bodek-Yang correction for low Q2 DIS

F2[P] F2[P] F2[P] F2[P] F2[P]

<F‘2[P]
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0.35
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0.25
0.20
0.15

GRV98 is a PDF designed for low Q2 region. Bodek-Yang correction makes GRV98 to work
even lower Q2, or “duality” region by adding higher twist effect

Proton F2 function GRV98-BY correction vs. data
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Bodek and Yang, AIP.Conf.Proc.670(2003)110,Nucl.Phys.B(Proc.Suppl.)139(2005)11 Nachtmann ¢ = 2x

4. Bodek-Yang correction for low Q2 DIS e (”Jlﬂs—%)

In GENIE, there are 11 parameters to control “Bodek-Yang correction” on GRV98 LO PDF

- A: high order twist correction

- B: quark transverse momentum ) (1 N M)? + B)
X

- Cvu1, Cvu2: valence u-quark PDF correction Q2
- Cvd1, Cvd2: valence d-quark PDF correction § 28w =
- Cs1u, Cs1d: sea u- and d-quark PDF correction 1+ |1+ 4x2M? + 2Ax
- X0, x1, x2: d(x)/u(x) correction ’ Q? Q?
. Q% + Cyy
immpact (% 2y — 2 2 . * vl
parameter 1 year gyea(r )5 year Kvalence (Q ) - [1 GD (Q )] (QZ + Cv 1
hierarchy 100.0 100.0 100.0 Q 2
Am}, 388 379 376 Ksoq(Q?) = ————
Energy scale 212 214 217 Q%+ Cyq
Agyy scale 15.2 13.2 114
Oo3 3.4 4.8 5.7
Ve/numu ratio 0.5 1.7 2.6
nu/V ratio 0.5 1.9 923 PINGU Lol variations
MIES 1.2 2.0 L7 Name nominal value uncertainty (%)
0103 03 MSeIF 0.99 —15,+25
RO MEES 1.120 +90
DIS errors 0.0 0.0 0.0 45’7 0.538 +25
00 00 00 By 0.305 +25
00 00 00 Cri 0.201 +30
Cli, 0.189 +30

+
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Bodek and Yang, AIP.Conf.Proc.670(2003)110,Nucl.Phys.B(Proc.Suppl.)139(2005)11

4. Bodek-Yang correction errors

Parameter variations are defined

- errors A and B: | follow Joshua’s choice
- errors on PDF correction: 30% for all
- errors on d(x)/u(x): next page

Since no correlations of parameters are available, 9
BY-systematic study samples are made to
maximize of parameter variation effects

1
0.538 +25% 2 A+8A, B-6B

B 0.305 £25% 2 A-SA. B+5B
CsU 0.363 £30% 4 CsU+8CsU, CsD-5CsD
CsD 0.621 £30% 5 CsU-8CsU, CsD+8CsD
Cv1U 0.291 £30% 6 Cv1U+5Cv1U, Cv2U-5Cv2U
Cv2U 0.189 B 7 Cv1U-5Cv1U, Cv2U+5Cv2U
Cv1D 0.202 £30% 8 Cv1D+5Cv1D, Cv2D-5Cv2D
Cv2D 0.255 =k 9 Cv1D-5Cv1D, Cv2D+5Cv2D
X0 .0.00817  +0.00817 10 X0=0, X1=0, X2=0
X1 0.0506 -0.0506

\5.1.2(_2 0.0798 ) -0.0798 atori 2018/07/09 73
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4. d(x)/u(x) variation study

S(d(x)/u(x))= X0 + X1*x + X2*x?
- 2"d order polynomial describe this error, ~10% effect at large x
- A reasonable choice of envelope is when the function is 0.

\G:Q__“;’ Queen Mal y Teppei Katori 2018/07/09 74
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BY u/d ratio correction, 0.05<x<0.75
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4. Results

BY parameter variation make small variations in Ev, Q2, x, y.
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NuTeV, PRD74(2006)012008

5. GENIE-NuTeV comparison

GENIE v2.10.6
- By definition, GENIE reproduce NuTeV data
- Agreement at very low x is poor

Shivesh Mandalia
(Queen Mary)
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NuTeV, PRD74(2006)012008

5. GENIE-NuTeV comparison
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GENIE v2.10.6
- By definition, GENIE reproduce NuTeV data
- Agreement at very low x is poor
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Shivesh Mandalia
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9. High-W hadronization model error

Averaged charged hadron multiplicity <ng,> Ey*= Y T+ E,
- PYTHIAG with tuned Lund string function can En>En
reproduce <n.,> data both neutrino and antineutrino. off Ey"®
Vo = ——.
E," + E,

Hadronization error propagation

- Difference of averaged charged hadron multiplicity is translated to visible hadron energy,
then effective inelasticity. This is applied to variation of inelasticity error in simulation. Impact
of hadronization error is small for experiments which only measure hadron shower

Neutrino average charged hadron multiplicity
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8.

<nch>

(Queen Mary)

High-W hadronization dispersion error? s:
’

Bubble chamber topological cross section data
Although averaged charged hadron multiplicity makes continuous curve, topological cross
sections are discontinuous, because multiplicity dispersion by PYTHIAG is much narrower
than bubble chamber data.

If the experiment is sensitive to hadron counting, you need to re-think how to propagate
hadronization error...

v-p topological cross section (GENIE)

Neutrino average charged hadron multiplicity -~ E L L LR -
10 B T T T T LI II T T T T LI II i 50 E \’p 15' \’ DZE
" e 15vD,(1983) ’ a 4 3 *n=2 -
8 o BEBCVH,(1981) ; - - L 4 3
i 7 i *n=6 7
— Default . 1L -
i ea.u. o) o} i 10 ; en=8 g
6= — Modified PYTHIA _ - . 3
i ° i C . n=10
i i 10"2 = * n=12 <
4+ — = =
' ° i : /,_;\ i
ol ._,Q((.D%D‘ . 107° 3 % =
N @ - § KNO sdalifg| = THIAG .
[ KNO scaling| | PYTHIAG vpop X i ] ISl IR -
B s =) Iﬁ : i 10—4 A S AL | Lo sl L1
0 1 1 1 1 L1 11 1 1 1 1 L1 11 1 2 3
1 10 102 1 10 10 10

WZ(Gev2/c4) Wz(GeV2/04)



TK and Mandalia,JPhysG42(2015)115004 Shivesh Mandalia
Zieminska et al (Fermilab 15’),PRD27(1993)47, Nowak, arXiv:hep-ph/0608108 (Queen Mary) P
'

8. High-W hadronization dispersion error?

Bubble chamber topological cross section data

Although averaged charged hadron multiplicity makes continuous curve, topological cross
sections are discontinuous, because multiplicity dispersion by PYTHIAG is much narrower
than bubble chamber data.

If the experiment is sensitive to hadron counting, you need to re-think how to propagate
hadronization error...
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NuSTEC (Neutrino Scattering Theory-Experiment Callaboration)

NuSTEC promotes the collaboration and coordinates efforts between
- theorists, to study neutrino interaction problems

- experimentalists, to understand nu-A and e-A scattering problems
- generator builders, to implement, validate, tune, maintain models
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NuSTEC white paper

- It addresses all topics of neutrino-nucleus scattering around 1-10 GeV.
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NUSTEC Traiming

,. o /7 /Vez//r//m Nucleus Scattering FPhysics

Nov.8-14, 2015, Okayama, Japan

- NuSTEC school is dedicated for students/postdocs to
learn physics of neutrino interactions, both for theorists,
and experimentalists

. The Practical Beauty of Neutrino-Nucleus Interations (1 hour) - Dr. Gabe Perdue (Fermilab)

. Introduction to electroweak interactions on the nucleon (3 hours) - Prof. Richard Hill (University of Kentucky and Fermilab)

. Introduction to v-nucleus scattering (3 hours) - Prof. Wally Van Orden (Old Dominion University&JLab, VA)
. Strong and electroweak interactions in nuclei (3 hours) - Dr. Saori Pastore (Los Alamos National Lab., NM)

. Approximate methods for nuclei (1) (2 hours) - Dr. Artur Ankowski (Virginia Tech, VA)

. Approximate methods for nuclei (Il) (2 hours) - Prof. Natalie Jachowicz (Ghent University, Belgium)

. Ab initio methods for nuclei (2 hours) - Dr. Alessandro Lovato (Argonne National Lab, IL)

. Pion production and other inelastic channels (3 hours) - Prof. Toru Sato (Osaka University, Japan)

9. Exclusive channels and final state interactions (3 hours) - Dr. Kai Gallmeister (Goethe University Frankfurt, Germany)
10. Inclusive e- and v-scattering in the SIS and DIS regimes (3 hrs) - Prof. Jeff Owens (Florida State University, FL)

11. Systematics in neutrino oscillation experiments (3 hours) - Dr. Sara Bolognesi (CEA Saclay, France)

12. Generators 1: Monte Carlo methods and event generators (3 rs) - Dr. Tomasz Golan (Univ. Wroclaw, Poland)

12. Generators 2: Nuisance (2 hours) - Dr. Patrick Stowell (Univ. Sheffield, UK)

O~NO O WN -

FOUNDATIONS OF
NUCLEAR AND

parTicLE PHYSICS | - Cambridge University Press (2017), ISBN:0521765110
ey - Authors: Donnelly, Formaggio, Holstein, Milner, Surrow
. - The first textbook on this subject!

T.W. Donnelly J. A. Formaggio
B.R. Holstein R. G. Milner B. Surrow




