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Introduction

Achilles: A CHlcago Land Lepton Event Simulator

Project Goals:
@ Theory driven
@ Develop modular neutrino event generator
@ Provide means for easy extension by end users

@ Provide automated BSM calculations for neutrino
experiments

@ Evaluate theory uncertainties
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Introduction
Why a new generator?

Oscillation Measurements
o P, ~ sin®20sin> (%) — ®,(E, L)/®,(E,0)

@ Only measure events and not fluxes directly:
N(Ereco; L) o8 Zi @(E7 L)Ui(E)fU,i (E, Ereco)

@ Fit oscillation parameters by taking ratio of number of events in E,.., bins
@ Cross sections do not exactly cancel in ratio, thus they are crucial
@ Requires fully differential predictions
Other Measurements
@ DUNE and HyperK near detectors are general purpose
@ Leverage them for BSM searches

@ Requires both SM and BSM fully differential predictions
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Introduction

Why a new generator? (edv)

SLAC 0.961 Ge\ B=3ia + Data
@) 10F — SuSAV2 (Total)
“' 6F —QE —MEC
o ; _ —RES —DIS
3 JLab 3
= 4+ 1.159 GeV g
ot ‘ o &
o kel %
SE 5
<G D e
= ®e00®0e®e® 00%0,00%0,'
) SLAC 1.299 GeV
G | 1 1 1 1 1 1 0
0.1 02 03 04 05 0.6 0.7 0.8 : - :
Cle,&)y, Eqe (GeV)

Energy Transfer [GeV]

@ Exclusive results need significant work

@ State of the art is ok for inclusive
[Nature 599, 565-570 (2021)]
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Introduction

Why a new generator? (NOvA)

Source ot." Uncertainty | v signal (%) | Total beam background (%) | o Cross section uncertainty
Cross-section and FSI 7.7 8.6 .
Normalization 35 3.4 one of dominant
Calibration 32 4.3 s
Detector response 0.67 2.8 uncertainties
Neutrino flux 0.63 0.43 .
Ve extrapolation 0.36 19 @ Unclear if correctly fully
Total systematic uncertainty 9.2 11 H
Statistical uncertainty 15 22 estim ated
Total taint; 18 25 .
otal nneertainty @ NOVA systematics and
statistical uncertainty
Table 1: Effect of 1o variations of the systematic uncertainties in the total ve signal and background equ al
predictions in the NOVA experiment?. The systematic uncertainties are from the latest NOVA results with
20 .
8.85x10% protons on target. @ DUNE and HyperK will
have significantly more
events
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Hard Interaction
Separating Primary Interaction and Cascade

General Lepton-Nucleus Scattering Cross Section

do = — M 2m)% 0% | ka + kp —
(IvA—wME‘XEé“)’ | I;I (27r)3( ) SR ;pf
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Hard Interaction
Separating Primary Interaction and Cascade

General Lepton-Nucleus Scattering Cross Section

1 1 2H dgpf 4¢4
dO' = = z M 271 5 k4 + k — p
<|UA — vy 4E‘?E}n> M ; (gﬁ)«?( ) ¢ Ef: f

Matrix Element Schematically

MR = DI = | 3 V() = WD) x P D) P
p
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Hard Interaction
Separating Primary Interaction and Cascade

General Lepton-Nucleus Scattering Cross Section

1 1 2H dgpf 4¢4
dO' = = z M 271 5 k4 + k — p
<|UA — vy 4E‘?E}n> M ; (gﬁ)«?( ) ¢ Ef: f

Matrix Element Schematically

Mk} = P = @J({’“} S ) x PUR) = o) [P

@ Primary interaction
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Hard Interaction
Separating Primary Interaction and Cascade

General Lepton-Nucleus Scattering Cross Section

1 1 2H dgpf 4¢4
dO' = = z M 271 5 k4 + k — p
<|UA — vy 4E‘?E}n> M ; (gﬁ)«?( ) ¢ Ef: f

Matrix Element Schematically

M) = DI = | 3 (k) = G < Py~ o) [
p

@ Primary interaction

@ Evolution out of nucleus
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Hard Interaction
Separating Primary Interaction and Cascade

General Lepton-Nucleus Scattering Cross Section

ds3
2}7]; (271')4(54 kA + kg - pr

1 1 )
do = — M
(=) M I -

Matrix Element Schematically Approximation

M ({k} = {p})* = i V{k} = DI < P} = (o}’

p/

@ Primary interaction
@ Evolution out of nucleus
@ Approximate as incoherent product of primary interaction and cascade
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Hard Interaction

Factorization

@ For Quasielastic scattering, factorize primary
interaction as: |¥y) = [p) ® |\I/?71> A S(k,E)

@ Initial state given via spectral function
(probability distribution of removing a “hole”

nucleon):
!
Sp(kn, E') =
A-1y)2 / A A1
> [(Wolk) @ [W7F ) PS(E" + g — Ef ) Ji
2 N
fa—1 / :' ""'""”3"::“\““\\::\3\\\\\\3\\\‘\&\
S
. i ikt
@ Here we use spectral function obtained from S
R ="t
R R ‘ﬁ\“\ \\\\\\Q\‘\\
N ‘\\\\&\\\\\\\\&\Q\%

K

z
%%,
%
%%
7

correlated basis function theory [Phys. A 579, 493
S
\

4fm"

(1994)]
@ Spectral function normalized as: RTHTHTHsL
180MeV A X
dkh ! / Z: h = P, g
dE'S,(kn, E') = E
/(27r)3 wlkn, E) A—Z h=n.
[Rev. Mod. Phys. 80, 189 (2008)]
6 /27 2 Fermilab
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Hard Interaction

BSM Motivation: MiniBooNE and MicroBooNE

Events/MeV

06 12 14 30

08 1
EY* (GeV)
[PRL 121, 221801]

@ MicroBooNE Observed
= Predicted, no eLEE (x=0.0)
—  Predicted, w/ eLEE (x=1.0)

Events Observed / Predicted (no eLEE)

lelp leNpOm 1e0p0n  leX
CCQE

[arXiv:2110.14054]

J. Isaacson Achi

@ MiniBooNE sees excess of events

@ MicroBooNE does not see excess of single electron
events

@ Excess can be from multiple lepton final states

@ Event generators can not simulate these processes

s: A Modern Theorist-Driven Event Generator 7/27 2 Fermilab



Hard Interaction

Using Currents

Using tensors:

d - -
£ — ZLELZIZ)W(”)W — LE;//’Y)w(W‘/)HV + LE;//Z)W(“/Z)HV +LL€W)W(Z“/)/W + L%Z)W(ZZ)“" 4o
0]

Using Currents:
2

do _
o

@) 7 (Dw
S e
i

Interferences handled automatically using currents

Interface to tensors provided for nuclear calculations that must be expressed using tensors.
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Hard Interaction
Handling Form Factors

Nuclear one-body current operators: Standard Model Form Factors:
T = (T + T%) Fem g =0
Tl =1 Fp + ia’“’qy% FVem —pr_ g FV = Fy
Ny qu%% ]—"iZ(p) = ( — 2sin? HW) F? %FZ",
Coherent Form Factors (spin-0 nucleus): ]-'Z.Z(n) = <; — 25in? 0W> F! — éFlp
J" = (pin + Pout)" Feoh }-j(P) _ ;FA, }-j(n) _ 1P,

J. Isaacson Achilles: A Modern Theorist-Driven Event Generator 9 /27 £ Fermilab



Hard Interaction
Handling Form Factors

Nuclear one-body current operators:

Standard Model Form Factors:
JH = (\7{/‘ + J,ff)

Fyem — ppro Fl =0

Fy Z

o “f'a iz W(p,n ) — Fn

Ty =7 +io q”2M F; 1

f(l

(TN = S — —2sin? 0

T4 = —V"Fd — a5 < sin W> —ah

Coherent Form Factors (spin-0 nucleus): < — 2sin®f > - pr
— (. 1

j“—(pln JFpout)'“]:coh ‘FA 2FA7 ]:’A ):_iFA

Straight-forward to extend to BSM if CVC is valid

J. Isaacson Achilles: A Modern Theorist-Driven Event Generator
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Hard Interaction

Recursive Matrix Element Generation

Ja(m) = Pa(m) Z Z S(m1, m2)Vy 2 (w1, m2) Ty (1) Ty (72)

Vo2 Py(n)
L, ..,m)=7901,...,m)
LG, . omy=790,....mIgPia,. ..,

Berends-Giele Recursion
@ Reuse parts of calculation
@ Most efficient for high
multiplicity
@ Reduces computation from
O (n!) to O (3")

[Nucl. Phys. B306(1988), 759]

J. Isaacson Achilles: A Modern Theorist-Driven Event Generator 10 / 27 2% Fermilab



Hard Interaction
Phase Space Generation

d<pn (avb;l)”"n) = 5(4) (pa +pb _sz> [H P 5(pz2 _mzz) @(plo)

3
=/ L=

The above phase space definition does not contain the handling of initial states.

Algorithms for n-body phase space generation
@ RAMBO [Comput. Phys. Commun. 40(1986) 359]
@ Multi-channel techniques [hep-ph/9405257]
@ Recursive Phase Space [arxiv0s08 3674)

J. Isaacson Achilles: A Modern Theorist-Driven Event Generator 11 /27 2 Fermilab



Hard Interaction
Results

Parameters:

Processes Considered:
@ Electron-Carbon Scattering
@ Neutrino-Carbon Scattering
@ Neutrino Tridents

@ Dirac/Majorana Heavy Neutral Lepton
[1807.00877]

Experimental Setup:
@ Target Nucleus: Carbon (Argon for HNL)
@ Electron: 961 MeV and 1299 MeV
@ Neutrino: 1000 MeV
@ Validating beam fluxes

NQOTE: All processes are fully differential

J. Isaacson Achilles: A Modern Theorist-Driven Event Generator

Only quasielastic scattering (coherent for
HNL) is included and no FSI

EM Form Factors:
Kelly [prc 70, 068202 (2004)]

Coherent Form Factor: Lovato [1305.6059]
Axial Form Factor:

e Dipole
o My =10 GeV
e g4 = 1.2694

a=1/137
Gp = 1.16637 x 1077
My = 91.1876 GeV

12 /27 2 Fermilab



Hard Interaction

Electron Scattering

o e}
E. =961 MeV, 6 =37 E. = 1300 MeV, 0 = 37
S T T T T T S 2000 T T T T T
% 000l —— Achilles _| g —— Achilles
o — SFIA % 1750 — SFIA H ol
= + data = + data +++ ++++
2 6000 2 1500 B
5B s
3§ 5000 - N - %€ 1250
+ ¢¢§+¢*
4000 + Rasdhs * B 1000
+
oy
3000 750
2000 500
1000 250
-
[ 0
1 1 | | | 1 1 1 1 1
100 200 300 400 500 600 100 200 300 200 500 600
w (MeV) w (MeV)

J. Isaacson Achille
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Hard Interaction

Neutrino Total Cross Section

7 (10738 cm?)
«
T

T T
—— Achilles
— SFIA

Neutrino -

1.005
1.000
0.995 -

Ratio to SF IA

200

Isaacson

1 1 1 1
600 800 1000 1200

Achilles: A Modern Theoris

1 1
1400 1600

I
1800 2000
E, (MeV)

riven Event Generator

Ratio to SF IA

3.0

25

0 (1073 cm?)

1.005
1.000
0.995

T T
—— Achilles
— SFIA

Anti-neutrino _|

200

L L L 1 L L { L

200 600 800 1000 1200 1400 1600 1800 2000
E, (MeV)
o
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Hard Interaction

Neutrino Differential Cross Section

o o
E, = 1000 MeV, 6 = 30 E. = 1000 MeV, 6 =70
s T T T T s nF T T T T T 7]
s —— Achilles s —— Achilles
< 8o — SFIA T T — SFIA
= —— Neutrinos & 10 — Neutrinos i
T === Anti-neutrinos T === Anti-neutrinos x5
] ]
75 60 30 degrees = 8 70 degrees
3 3
8% 82
s I8
6
40
4
20
2
0 | | | I ° 1 1 1 1 1
0 100 200 300 400 500 0 100 200 300 400 500 600
w (MeV) w (MeV)
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Hard Interaction
Heavy Neutral Lepton

Parameters:
e my = 420 MeV
e my = 30 MeV
e ap =0.25
o ac?=2x10710
o [Ujp|=9x10""7
e Widths of N’ and Z’ automatically calculated

based on input parameters

Handles both Dirac and Majorana fermions

@ Results are flux-averaged over the MiniBooNE
/ MicroBooNE neutrino flux

J. Isaacson Achilles: A Modern Theorist-Driven Event Generator 16 / 27 £ Fermilab



Hard Interaction

Heavy Neutral Lepton

Energy of leading lepton (PRELIMINARY) Z’ Energy (PRELIMINARY)
< L T T T 3 o 045 =TT T T T
S .F \ \ T E S O E \ \ T
S E — Dirac B S o4 — Dirac
& C — Majorana | & E — Majorana
E o5 — £ 035 E
o F 3 2 o
5 o4 - 5 =
= E B = E
= E ] = o025
Sl E i N E
Sk03 - = SR oo2 |
02l = 0.15 | =
E e 0.1 & —
0.1 [ — E =
N = 0.05 = —
o e N N N N ™ oE B
o 200 400 600 800 1.0-10° o 200 400 600 800 1.0-10°
E. (MeV) Ez(MeV)
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Hard Interaction

Heavy Neutral Lepton

@ No cuts applied yet Opening angle between leptons (PRELIMINARY)
- 35 [ LI TTTT LI TTTT LI TTTT TTTT TTTT1]
@ Typical opening angle around 5-6 degrees g = ‘ ‘ ‘ ‘ ‘ Di‘rac ‘ E
. . ‘*2 3 C —— Majorana =
@ Working on scanning parameter space 5ok E
T 1
Lepton Pair cos (PRELIMINARY) S af =
@ L L L B B L B B 3 g’g E ]
Aé 160 — —— Dirac s cosk =
o = . ] ]
S 140 — Majorana - 7
~ £ J 1 —
E 120 — ]
I F 3 0.5 i
T 100 — B
=) F E OBl | N T
. 8o - o 10 20 30 40 50 60 70 8o 90
5 6o E = A, (degrees)
e = ]
40— E @ Need to include background to compare to
20 J‘:.:‘:F = MiniBooNE data
E P A
o
-1 0.5 o 05 1 @ Simulate possible MicroBooNE limits
€08 Bee
J. Isaacson A Modern Theorist-Driven Event Generator 18 / 27 2% Fermilab




Hard Interaction

MicroBooNE Simulation

Working on
implementing into

MicroBooNE Pipeline

@ Developing interface to
LArSoft

uBooNE

MicroBooNE Simulation

Image generated by the MicroBooNE collaboration using Achilles

J. Isaacson
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Cascade
Final State Interactions

Modify Primary Interaction: Intranuclear Cascade:

o Captures rate change from FSI e Unitary process (i.e. no rate change)

@ Contains information about hadronic

@ Loses all information about hadronic :
final state

final state
@ Primarily done via Monte Carlo

@ Primarily done using folding functions
methods

Note: Both approaches attempt to capture effects from nuclear potential. Therefore,
can only use one or the other to avoid double counting effects.

J. Isaacson Achilles: A Modern Theorist-Driven Event Generator 20 / 27 2 Fermilab



Cascade
Final State Interactions

Modify Primary Interaction: Intranuclear Cascade:

o Captures rate change from FS| e Unitary process (i.e. no rate change)

@ Contains information about hadronic

@ Loses all information about hadronic :
final state

final state
@ Primarily done via Monte Carlo

@ Primarily done using folding functions
methods

Note: Both approaches attempt to capture effects from nuclear potential. Therefore,
can only use one or the other to avoid double counting effects.

Matrix Element Schematically Approximation

MK > BDE =X VAR DI x [P} = BHE

J. Isaacson Achilles: A Modern Theorist-Driven Event Generator 20 / 27 2 Fermilab



Cascade

Algorithm Overview

Propagate
nucleon(s) (6t)

Pauli
Blocked?

Kick nucleon Interaction? Update particles

Generate Configuration Revert interaction

Outside
nucleus?

« hit?
>§
Remove
particle from list
————————————— *-—P o
propagating
[Phys.Rev.C 103 (2021) 1, 015502]
X
X
J. Isaacson Achilles: A Modern Theorist-Driven Event Generator 21 /27 2 Fermilab




Cascade

Propagation with Potential
Initial Momentum: 250 MeV

T T
—— Cooper Potential -|
Wiringa Potential

6

@ Propagation using symplectic

1 integrator for non-separable
Hamiltonians (1609.02212]

@ Energy is conserved to a high degree
of precision

1 o Extremely stable

@ Blue: Non-relativistic potential @ Red: Relativistic potential
(BE=vp*+m?+V) (E=vp*+(m+5)32+V)
[Phys. Rev. C. 38, 2967] [Phys. Rev. C. 80, 034605]
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Cascade

Propagation with Potential
InitialiMomentum: 250 MeV

A A A
@ Propagation using symplectic
oo ] integrator for non-separable
3], 0.00006|- i Hamiltonians (1609.02212]
) @ Energy is conserved to a high degree
0.00004 - 4
of precision
0.00002- 1 o Extremely stable
0.00000 1
6 20600 40600 60600 80600 100b0
step
@ Blue: Non-relativistic potential @ Red: Relativistic potential
(B = /P2 tm2+ V) (B=pP+m+92+V)
[Phys. Rev. C. 38, 2067] [Phys. Rev. C. 80, 034605]
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AS /e4v Comparison

CLAS/edv cuts:

@ Select 1p07 events Inclusive Results:

LA L L s s s B B s

~

Y
. o (] + Data
@ Protons: p, > 300 MeV, 12° < 0,. S L 36° <6, <39° —F Cyiinder: None
s ¢ Gaussian; None 7
@ electrons: F, > 0.4,0.55,1.1 GeV, 3 — Cylinder; WFF
0L > 0 + 0y = 17°,16°,13.5°, e —H Gaussian; WFF 7
€ = OO Pe [Sev]o 0 < —— Cylinder; Schroedinger
Hi =7 ,10.5 ,15 for A —— Gaussian; Schroedinger |

Fheam = 1.159,2.257,4.453 GeV
respectively.

Simulation details:

@ ACHILLES only has Quasielastic channel
so far

@ Events are reweighted by Q*/GeV* (as
done in the analysis)

J. Isaacson Achilles: A Modern Theorist-Driven Event Generator 23 /27 2 Fermilab



Cascade

IS T T T T Ll T
3 08 + Data ! i
_% —— Cylinder; None :'H
=2 071 Gaussian; None + !
88 — Cylinder; WFF -I-
= 0.6 . -
—— Gaussian; WFF -I-
0.5 | —— Cylinder; Schroedinger B
—— Gaussian; Schroedinger
0.4 B
0.3 -
+ ¥
0.2 ++ ++
: -+ +
-~
0.1+ - a
It .__‘ L L
0'00.4 0.6 0.8 1.0 1.2 1.4
Eor [GeV]
o 2mNe+2mNEe—m%
® Eqp = 2(m N —Eg+pg cos 0y)
@ ¢ =21 MeV

@ Mimics Cherenkov detectors

J. Isaacson

A Modern Theorist-Driven Event Generator

=
N

T
+ Data

—— Cylinder; None
Gaussian; None
—— Cylinder; WFF
| —— Gaussian; WFF
—— Cylinder; Schroedinger
—— Gaussian; Schroedinger

T L

[ub/GeV]
-
=

do
dEcal

o
©

o
o

0.4

0.2

S e

T

LB =

0.0 0.5 0.6 0.7 0.8

4 Ecal = ZZ(EZ + Ei)
@ Mimics LArTPC detectors
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Cascade

T T T L e L

E 0.351 ! + Data a % 081 + Data I
5 ! —— Cylinder; None % —— Cylinder; None
31 0.30}1 _I_ ! Gaussian; None i 2 0.7F Gaussian; None 7
8| i —— Cylinder; WFF 8lé 0.6 | — Cylinder; WFF B
0.25} _I_ == i —— Gaussian; WFF . "I —— Gaussian; WFF
I —— Cylinder; Schroedinger 0.5|-—+ Cylinder; Schroedinger |
0.20} + i —— Gaussian; Schroedinger —— Gaussian; Schroedinger
! 0.4+ T
0.15 ! !
+_|_.:+ 03 7
0.10} T+ T
r+ | 0.2 B
. -
0.05f T
| 0.1F ‘-J: L
1
.00l 1 | Lo I L . N T e
0.0 0.2 0.4 0.6 0.8 10 00575 " 100 125 150 L75 200 225
Pr[Gevl Ecar [GeV]
T T T
P =Pe +Pp
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Cascade

CLAS/e4v Comparison

= —— ——
S — 0.14FT T T T T T T T T T TR
g 0351 + Data B 3 + Data
_:BL —+ Cyllnd'er; None _% 0.12 | —+— Cylinder; None i
o 030F Gaussian; None — = Gaussian; None
8lE —— Cylinder; WFF g@ —}— Cylinder; WFF
025 — Gaussian; WFF - 0-107 4 Gaussian; WFF )
—— Cylinder; Schroedinger —— Cylinder; Schroedinger
0.20+ + —— Gaussian; Schroedinger 0.08 I —— Gaussian; Schroedinger 4
0.15+ - 0.06— 1
0.10 - 0.04 1
0.05 = 0.02F _ . -
—l—_.__.__.__._
0.00 : : : I o AT R I .
0.0 0.2 0.4 0.6 0.8 10 0.00 78 " 100 125 1.50 175 200 225
PriGev] Ecot [GeV]
T T T
P =P + Pp
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CLAS/e4v Comparison

[ub/GeV]

do
dPr

J. Isaacson

+ Data i
Cylinder; None
Gaussian; None ,
Cylinder; WFF
Gaussian; WFF i
Cylinder; Schroedinger
Gaussian; Schroedinger |

0.6 0.8 1.0
Pr[GeV]

p’ =p. +py

Achilles: A Modern Theorist-Driven Event Generator

° [ub/GeV]

de
JE.

dl

0.06

0.05

0.04

0.03

0.02

0.01

0.00

Cascade

T

T

T

T

L + Data

—— Cylinder; None
Gaussian; None

[ — Cylinder; WFF

—}— Gaussian; WFF

——— Cylinder; Schroedinger

—}— Gaussian; Schroedinger

T

A

T

T

25 / 27

+
+
L ++ 4
_—+
Pl BRI == T IR R EIN R
0.75 1.00 125 150 1.75 2.00 225
Ecas [GeV]
2%
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Cascade

New Observables

S R R R T R R
2 030 —— Cylinder; None
New Observables: s Gaussian; None
£ —— Cylinder; WFF

@ Momentum of 1st proton 8k 025 —— Gaussian; WFF 8

—— Cylinder; Schroedinger

0.20 —— Gaussian; Schroedinger |

0.15F -

0.10 4

0.05 4

0oL L A

0 200 400 600 800 1000 1200 1400
T, [MeV]

A Modern Theorist:

J. Isaacson
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Cascade

New Observables

- B Rt R RS e
2 0.175 —— Cylinder; None B
New Observables: _% ' Gaussian; None
£ 0.150 F —— Cylinder; WFF B
@ Momentum of 1st proton sk —— Gaussian; WFF
0.125- —— Cylinder; Schroedinger _|
@ Momentum of 2nd proton ' — Gaussian; Schroedinger
0.100+ -
0.075 —
0.050 —
0.025 -
L ﬁ\ T RN AR | IR TR SRR i
0.000 0 100 200 300 400 500 600 700 800

T, [MeV]

2x
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Cascade

New Observables

- S SN
3 0.0200 } —— Cylinder; None

NeW Observa bleS: % 0.0175 , Gaussian; None i
s 7 : —— Cylinder; WFF

@ Momentum of 1st proton 8K 0.0150 —+ Gaussian; WFF i

—}— Cylinder; Schroedinger

@ Momentum of 2nd proton 0.01251 —— Gaussian; Schroedinger -|

@ Momentum of 3rd proton 0.0100 1

0.0075 4

0.0050 (- 4

0.0025F | * i

T TNV T S ' IRNRRT SRR SRR )

00000 ="56""160 150 200 250 300 350 400

T, [MeV]
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Cascade

New Observables

COS Brec
1.0 0.9 0.8 0.7 06 0.5

New Observables: )
Cylinder; None

Gaussian; None
Cylinder; WFF

Gaussian; WFF
Cylinder; Schroedinger —
Gaussian; Schroedinger

@ Momentum of 1st proton

422 [nb/deg]

Momentum of 2nd proton

°
@ Momentum of 3rd proton
°

Reconstructed beam direction:

lA{e * Pout

cOS Orec = Dout]
out

TR R
40 50 60
Brec [deg]
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Conclusions
Conclusions

Current Status:

o DUNE and HK will require precision

neutrino event generators Future Steps:

@ ACHILLES aims to be a modular
theory driven generator to address
these needs

@ Implement QED showers to handle
radiative corrections
@ Interface with LArSoft

@ Implement MEC, Resonance, and DIS
processes

@ BSM important for the current and
next generation neutrino experiments
@ Robust BSM program requires

automating theory calculations @ Continue to improve cascade modeling

@ Comparison of cascade results with
CLAS/edv experiment
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FeynRules

Model File Lagrangian

@ Mathematica Program FeynRules
o Takes model file and Lagrangian as Core

input

o Calculates the Feynman rules FeynRules

@ Outputs in Universal FeynRules
Output (UFO) format Universal

FeynRules
Output

[arXiv:0806.4194, arXiv:1310.1921]
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Universal FeynRules Output (UFO)

Example QED (ete™ Vertex):

@ Python output files

1 -,
e Contains model-independent files and L= —EFWFW + 4 (iD" v, —m)
model-dependent files

@ Contains all information to calculate
any tree level matrix element

@ Has parameter file to adjust model Vete—y = i€y = v
parameters to scan allowed regions

[arXiv:1108.2040]
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Universal FeynRules Output (UFO)

Example for photon-electron vertex

e__minus__ = Particle(pdg_code=11, name='e-', antiname='e+',
spin=2, color=1, mass=Param.ZERO,
width=Param.ZERO, texname='e-',
antitexname='e+', charge=-1,
GhostNumber=0, LeptonNumber=1,
Y=0)

V_77 = Vertex(name='V_77",
particles=[ P.e__plus__, P.e__minus__, P.a ],
color=[ '1' ], lorentz=[ L.FFV1 ],
couplings={(0,0):C.GC_33})
FFV1 = Lorentz(name='FFV1', spins=[ 2, 2, 3 1],
structure='Gamma(3,2,1)")
GC_3 = Coupling(name='GC_3', value='-(ee*complex(0,1))",

order={'QED':1})
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Tree Level Matrix Element Generators

J. Isaacson

ALPGEN [arXiv:hep-ph/0206293]
AMEGIC [arXiv:hep-ph/0109036]
CoMIX [arXiv:0808.3674]
CALCHEP [arXiv:1207.6082]
HERWIG [arxiv:0803.0883]
MADGRAPH [arxiv:1405.0301]
WHIZARD [arXiv:0708.4233]

etc.

Achilles: A Modern Theoris

ATLAS

o(Zly* +N,,) pb]

13 TeV,3.16fb™
antik jets, R =0.4
pe' > 30 Gev, ¥z 25

T T
ZIy*(~ IT) +jets
Z& Data
“m- BLACKHAT + SHERPA
i SHERPA 2.2
ALPGEN +PY6
—% MG5_aMC+PY8 CKKWL:
85 MG5_aMC+PY8 FxFx

Pred./Data Pred./Data Pred./Data

riven Event Generator
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o
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3@‘

> |

T
TLAS

13TeV,3.16 b

anti-k, jets, R = 0.4
pE' > 30 GeV, 7'z 25

T T
ZIy*(— IT) + jets.
Z& Data
“E- BLACKHAT + SHERPA
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Tree Level Matrix Element Generators

J. Isaacson
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2 — 2 Phase Space Example

Consider [ +2C' — I’ + N + X in the quasielastic regime.

do oc d®s(a,b;1,2) dip, d3py
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2 — 2 Phase Space Example

Consider [ +2C' — I’ + N + X in the quasielastic regime.

do oc d®s(a,b;1,2) dip, d3py

@ Phase space: d®y(a,b;1,2) = Wm
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2 — 2 Phase Space Example

Consider [ +2C' — I’ + N + X in the quasielastic regime.

do oc d®s(a,b;1,2) dip, d3py

@ Phase space: d®s(a,b;1,2) = Msanss1:52) § ¢ do

167225,

e Initial nucleon: d*p, = |p.|?dp.dE,d cos 0,d¢,
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2 — 2 Phase Space Example

Consider [ +2C' — I’ + N + X in the quasielastic regime.

do oc d®s(a,b;1,2) dip, d3py

@ Phase space: d®s(a,b;1,2) = Msanss1:52) § ¢ 01do

167225,
e Initial nucleon: d*p, = |p.|?dp.dE,d cos 0,d¢,
e Initial lepton (Here only monochromatic): d®py, = 63(py — Pream)d>pp
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2 — 2 Phase Space Example

Consider [ + 2C' — I’ + N + X in the quasielastic regime.

do oc d®s(a,b;1,2) dip, d3py

@ Phase space: d®y(a,b;1,2) = Alsabs51:52) 4 o5 0 dpy

1672254
e Initial nucleon: d*p, = |p.|?dp.dE,d cos 0,d¢,
o Initial lepton (Here only monochromatic): d®py, = 63(py — Pream)d>ps

Quasielastic Delta Function: §(E, — F1 — E, +m — E»)
Phase Space Delta Function: 6(E, + Ep — E1 — E»)

Define initial nucleon energy as £, = m — F,. Allows use of phase space tools
developed at LHC.
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Multi-channel Integration

@ Both diagrams
contribute to cross
\ section

@ They have different

@ pole structures
\

@ Need method to sample
N X these structures
efficiently
(i.e. | A + Azl?)

./41 A2
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Multi-channel Integration and VEGAS

Multi-channel Integration VEGAS
o Generate PS efficiently for [A;|* or o Adaptive importance sampling
| Az |? @ Use this to get interference terms

@ Do not know how to efficiently sample more accurately

2Re( Ay .A;) o

@ Define channels: C1 and Cy 08

@ Generate events according to 0s
distributions g; for channel i o4

i L o f(@)
dl‘ f Xr) = (6% 7 / d-r gz xr . 0.0
/ ( ) Z ( ) gi (w) 00 02 04 06 08 1.0

) x

. 7F—17)2 T—1%)2
VEGAS grid for [ d*a (5_100(1_71) + e~ 100(F=73) )

e Optlmlze @; to minimize variance [J.Comput.Phys. 27 (1978) 291, 2009.05112]
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Recursive Phase Space Decomposition

Phase space can be decomposed as:

d®,(a,b;1,...,n) =d®y_pmii(a,bym+1,... ,n)%d@m(w; 1,...,m)
T

Iterate until only 1 — 2 phase spaces remain.
Basic building blocks:

(S, 8p, sw\p)

SPm\P —
4 16722 s,

dcost,do,

o MSab, Sry S =)
mabr aby 9T b
Ta,b = 162 QS; T~ dcos O, dor

Momentum conservation: (27)*d*p—6™ (po + pp — p=p)
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Neutrino Tridents

Vy —»——>»— V4 Vy ———>»— V4
Z Z
——— ot —— ¢
\ 4
—>—— e~ ——— T
Z[vy Z/y
N—»—>»— N N—»—>»— N
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Neutrino Tridents

Lepton pair invariant mass
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Symplectic Integration for non-separable Hamiltonians

@ Create copy of Hamiltonian:
H(q,p,x,y) = Halg,y) + Hp(z,p) + wHe(q,p, 7, y)
He(g,p,@,y) = g — /2 + [p—y[*/2

@ Time step for each Hamiltonian:

(4] q q q+ 60pH (z,p)
s |p p—00.H(q,y)| s P p
¢HA- T m—i—é@yH(q,y) 7¢HB T - T ’
K Y Y y — 80, H(x, p)
[q] g+ q—
R(6
PRI (p+y)+ ()<p*y>
He * g 2 <q+w)_R(§)<q—m> ’
LY p+y P—Yy

@ Full second order time step:
B3 = Bits © B © Dm0 Bl 0 i -
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