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Motivation

Motivation: MiniBooNE and MicroBooNE

@ MiniBooNE sees excess of events

@ MicroBooNE does not see excess of single electron
events

Events/MeV

E @ Excess can be from multiple lepton final states

T e @ Event generators can not simulate these processes
[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]
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Motivation

Motivation: Theory

Summary of Workshop on Common Neutrino Event
Generator Tools

2.5.2 Factors to consider for interface design

While our goal should be to standardize the interface as much as possible, the workshop
raised several issues that should be considered when evaluating possible approaches. These
issues are summarized below:

4. Human factors Our interface should be designed for ease of use, and should consider
the skills and limitations of the theorists likely to use it. It was pointed out that many
theorists are PhD students or postdoctoral researchers working on limited-term con-
tracts. To fit in with this way of working, it should be possible to develop, implement,
and test a model against data on timescales of the order of a year. We must also bear
in mind that many theorists are not primarily programmers, and that models may be
developed using tools, such as Mathematica, that are not natively compatible with
the languages used in generator software. If we restricted ourselves to an interface
in a particular programming language, we could severely limit the accessibility of the
interface to new models.

[https://arxiv.org/abs/2008.06566)
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Introduction
Leptonic and Hadronic Tensor

l I
Observations:
@ Nuclear physics calculations are hard
o Calculating arbitrary perturbative diagrams is a
solved problem
@ BSM effects of interest only weakly couple to
quarks and gluons = no corrections to the
\ g
nuclear physics
N X
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Introduction
Leptonic and Hadronic Tensor

l I
Observations:
@ Nuclear physics calculations are hard
o Calculating arbitrary perturbative diagrams is a
solved problem
@ BSM effects of interest only weakly couple to
quarks and gluons = no corrections to the
\ g
nuclear physics
N X

Can we use these observations to automate Beyond the Standard Model Physics?
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Introduction
Leptonic and Hadronic Tensor
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Introduction
Leptonic and Hadronic Tensor
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What do all the diagrams above have in common?
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Introduction

Leptonic and Hadronic Tensor
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What do all the diagrams above have in common?
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Introduction
Leptonic and Hadronic Tensor

—— Leptonic Tensor (L,,)

——— Hadronic Tensor (H"")
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Introduction
Leptonic and Hadronic Tensor

Notes:

v l @ Leptonic tensor only
contains perturbative
physics.

@ Can use LHC tools to
calculate Leptonic tensor

§ @ Hadronic tensor is
difficult, but event
\
generators have these

N X calculations implemented
already.
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Introduction

Using Currents

Using tensors:

% _ ZLE}Z)W(U)W _ LL’L’Y)w(’Y’Y)MV + LLVVZ)W(“/Z)W + LL]{’Y)w(Z’Y)MV + LELZVZ)W<ZZ)MV 4o
]

Using Currents:

ZLS)W(U#

Interferences handled automatically using currents

do _
dQ

Interface to tensors provided for nuclear calculations that must be expressed using tensors.
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Implementation Details
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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Implementation Details

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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Implementation Details
Handling Form Factors

Standard Model Form Factors:

— . ( ) ) — ) —
Nuclear one-body current operators }-17 pn) _ P Fl=0
w )
J' = (T + T%) Fi (pn):Fip_Fin7 FY =Fa
o, T3 2(p) > 1
T =MF +iot qyﬁ FW = —2sin’ Oy | FF — §FZ”,
a P 1 1
Ta = —""sFa—d" s FEM = (2 — 2sin? 0W> F' = S FY
1 1
f‘j(p) — 2FA, fi(n)__gFA
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Implementation Details
Handling Form Factors

Standard Model Form Factors:

Nuclear one-body current operators: ]_-17(:!%”) = FPm J_Ejl -0
T = (T + TY) FON -, FY = Fa
. Fs 7z 1
T = Fi +iotq, 52 FI® = ( — 2sin’ ew) F - SE
a Fp 1 1
Ta = 7' sFi—d" 55, FA = <2 — 25in? 9W> ' = FY
Z(p) _ 1 Z(n) _
Fall=g5Fa Fy=—5Fa

Straight-forward to extend to BSM if CVC is valid
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Implementation Details

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]
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Implementation Details
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)
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[RES
Results

. Parameters:
Processes Considered:

@ Only quasielastic scattering is included
and no FSI

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

@ Electron-Carbon Scattering

@ Neutrino-Carbon Scattering

@ Neutrino Tridents

Axial Form Factor:

e Dipole
o My =10 GeV
e g4 = 1.2694

a=1/137
Gp =1.16637 x 107°
My, = 91.1876 GeV

NOTE: All processes are fully differential
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[RES

on Scattering

Quasielastic: eC, 961 MeV, 37.5 Deg, Sealock:1989nx
T T T T

Quasielastic: eC, 1299 MeV, 37.5 Deg, Sealock:1989nx
§ T § 2000FT T T T T T T —
2 7000 — This Work _| [ —— This Work
o —— SFIA = 1750 — SFIA
2 + data 2 + data 1 byt
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w (MeV) w (MeV)
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[RES

Neutrino Total Cross Section
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[RES

Neutrino Total Cross Section

11k I I I%

—— This Work
— SFIA

ov/oa

1.0

@ Difference due to
how couplings are
handled

@ Ratio of 2¥
oA
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=
o
|
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[RES

Neutrino Differential Cross Section

s T T T T T s T T T T T
é —— This Work g 12| — This Work _
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Results
Neutrino Tridents

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

[RES

Lepton pair invariant mass

]
=
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[RES

Neutrino Tridents

Energy of leading lepton Energy of sub-leading lepton
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Conclusions

Conclusions

BSM important for the current and next generation neutrino experiments
Robust BSM program requires automating theory calculations
Developed method for handling arbitrary form factors

Proof of principle for SM processes
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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.

o(Zly* +N,,) pb]

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

Automating BSM for Neutrino Generators

T T
ATLAS

13 TeV,3.16fb™

antik jets, R =0.4

pe' > 30 Gev, ¥z 25

T T T

ZIy*(~ IT) +jets

Z& Data

“m- BLACKHAT + SHERPA

i SHERPA 2.2
ALPGEN +PY6

—* MG5_aMC+PY8 CKK!

85 MG5_aMC+PY8 FxFx

2+ Ny + /02" + N, )

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

o

o
a

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

o

o
w

o

o
N

o

T T
ZIy*(— IT) + jets.
Z& Data
“E- BLACKHAT + SHERPA
&= SHERPA 2.2

ALPGEN +PY6
—* MG5_aMC+PY8 CKKWI
585 MG5_aMC+PY8 FxFx

2/7

I I I I I I
3120 2221 23/22 24/23 3524 26/>5 =27/26

(N DN

ets

[arXiv:1702.05725]
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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) = %‘;y?dms 01do

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

J. Isaacson Automating BSM for Neutrino Generators 3/7 2% Fermilab



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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Proposed Interface

Model File (Neutrino Event Generator]

Phase Space %%{Hadronic Tensor]

—

FeynRules Core

'SR

FeynRules [Leptonic Tensor]—» Finalize Event

@ Blue: Already available pipeline

[Universal FeynRules Output)i @ Red: Event Generator Responsibility
@ Green: New code: n-body final state

event generator: initial state momenta
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