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Outline: The issues to be resolved..

v We still had an unresolved discrepancy, v4p8 vs v4p9:

- Consider only the rn* that did not interact in the target. If their
momenta is higher then 0.5 GeV, the same set of n* - Be scattering
cross-section are used in both version. Thus, their effective
disappearance rate is the same, v4p8 vs v4p9. If so, the n* and v,

should be the same. A ~ 1.5 % discrepancy was observed for the 3
Be slugs.

- This has been resolved: Proton de/dx is now fixed.
v New estimate of the remaining discrepancy for nominal configurations
v Further checks
v Plans for v4.10

- Do we encourage the use of the current v4p9 version ?

- V4.10 with 2 major options..
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The ©* flux with three slugs, all scattered hadrons are removed,
After removing the 2™ invocation of energy losses.
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Again, taking the ratio v4p9
(corrected) to v4p8

Just a straight line fit, slope is
different from 0 at a confidence
level of 1.8107-3.

Fitted value at 2.5 GeV (which
corresponds to a v, energy ~ 1.0
GeV) is: -1.25% (was -2.3 %
before)

~ 1% difference. Note :
<de/dx>, 3 BeSlugs: 9.6 MeV

DN/de (") ~ e-(e/9600)
Where e is the 7" kinetic energy
(MeV) See slide 16

So, if we have as shift of 9.6 MeV,
expect about 0.9% rate change,

over 1 GeV..



The ©* flux with complete target, Horn Aluminium
After removing the 2" invocation of energy losses.
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Better, but we still have a problem. !..
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Checks.. : Effect of track lengths.

A know difference between the two versions is the mean number of step
through the long Be cylinder. (Optimizing G4 continuous processes)

However, related to the above test, this is not an issue: while the position
of the generated secondary vertices are in fact different, since these =«
are not considered, this does not matter. - Red herring..

Empirically, this has been tested by running both version with a
“fine-grained” geometry, and comparing ©* and v, fluxes.
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Resolution: de/dx for protons

Not corrected two weeks ago: ((l) let us fix one thing at a time (ii) | did not
thought it could matter that much! )

The generated © momentum distribution depends on the energy of the
proton. As this is not strictly speaking “central hadro-production”,
secondary mesons are a bit more boosted if the energy of the proton is
higher.

We did check the " momentum distribution from the pBe interaction a
year ago, but not with the (current!) required accuracy.

So, fix the de/dx for protons. (Remove the G4lonizationProcess from the
derived class BooNEHadronPhysics)
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Geometry: 3 Be Slugs, all other volumes are “vacuum”

Compare the n* flux after the horn (with magnetic field ), v4p8 vs v4p9
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Geometry: 3 Be Slugs, all other volumes are “vacuum”, no re-interactions

Compare the v, flux at MiniBooNE, v4p8 vs v4p9
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Moving to the full target geometry..

No Aluminum in the horn
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Geometry: 7 Be Slugs ( full target), all other volumes are “vacuum”

Compare the n* flux after the horn (with magnetic field ), v4p8 vs v4p9
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Geometry: 7 Be Slugs ( full target), all other volumes are “vacuum”

Compare the v, fluxes at MinoBoone, v4p8 vs v4p9
No secondary pion interactions..
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After the Proton de/dx fix...
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Ratio. v4p9/iv4ps

Geometry: Full geometry. All hadrons allowed to re-interact.

Compare the v, fluxes at MiniBoone, v4p8 vs v4p9

1.05
I
._

“”m’é"’
i
g
i
e,

0.95
|
H

0.90
|

0.0 0.5 1.0 1.5 2.0 2.5 3.0

E [GeV]

March 18 2016

Current status..

Discrepancy v4p8/v4p9
between ~ 2.5 % up to 5 %,
max.

Note: systematic uncertainties
due to “known unknowns” on
scattering models and pion
production at low momentum
not included.

Again, this is for t* - v, only.

There is a known bug in the
Kaon-Nucleon interaction
model in v4.9 (fixed in v4.10)
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One additional check:

Importance weights. By default, in v4p8, the inclusive particle
production pdfs, proton — Be interaction are “importance-sampled
re-weighted”

In v4p9, this was turned off.

Re-instanted (against my advice, as (I) we have now enough CPU
power (ii) statistical uncertainties are easier to compute without
importance sampling. ) this option.

No change in the neutrino flux, if w/o weights.. No problem here..
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We are hoping this concludes the 4.9 migrations
Difficult to come up with additional tests..

We are not recommending to support this version,
but move to G4 v4.10.x

(hopefully much faster...)
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Motivation for G4 v4.10.x

“Physics:
v Improved meson scattering cross-section.
» Improved meson scattering models.
v Opportunity for future hadronic models

~Computational
« Compatibility with O.S. upgrade and ancillary products
supported at the lab, such as ROOT, Dk2nu, etc...

“Management
« Support from SCD

March 18 2016
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G4 v4.10.x, p-Be interaction model

» Should we preserve the BooNE p-Be, “Sanford-Wang-BooNE” fits of the
HARP data?
v Pros:

» Probably more accurate of the G4 based model Pdfs on
energy/production angles, for pions, Kaons, protons in the HARP
kKinematic range.

« Gons

v Probably ( to be studied, with new data!) less accurate outside the
HARP momentum range. (low energy regime in particular)

» Neutron pdfs not measured by HARP.. ==> Secondary interaction
yield could be a bit off.

»« Total energy conservation, event by event (and in average?)
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G4 v4.10.x, p-Be interaction model, the plan

« Provide both | BooNE & native G4 v4.10 models.

v Use generic v410 Physics List. Only!.
v Preserved, maintain the BooNEpBelnteraction class.
« Used it, optionally, in the G4 Primary Vertex:
« If selected, instead of generating one single proton at the
upstream face of the target, do the following:

» Based on the adopted p-Be total X-section, select a interaction
depth, compute a Z location. Estimate the new (degraded)
proton energy and transverse position. Generate the pions,
kaon, protons, neutrons momenta. Upload them in the G4
primary vertex.
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Conclusion
« At cross-road:

v Running out of ideas for further check on v4.9 port.
(current discrepancy relatively small compare to known
uncertainties)

v Proposing to move to v4.10
» Assemble a G4 v4.10 version with the existing

geometry, BooNE Output (Dk2nu out), and existing
“screen” ntuples.
» Implement the BooNE pBe in the Primary Vertex.
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Backup, old slides.
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Difference, New - Old

Benchmark VH flux, Thick target, V4.8 vs 4.9
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In the previous plot, we had
only one slug of Beryllium. In
addition, no material in the
horn, collimator, air... Same
geometry, same magnetic
field, just no interaction
downstream of that 1rst Be
slug.

For this plot, we now restore
the full geometry.

In both versions,G4
v4.8.1 and v4.9.6

Shown on Jan 6 2016..
No change in the

BooNEG4Beam code since then |..
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v

v

v

Investigating the “No Pion Scattering ratio,
v4p8/v4p9”

Compare the two codes. On average, if, (and only if),

- The 6D momentum phase space for the p-> Be n* + X are identical

- The mean free path for all hadronic processing processes are
identical, for all tracking medium, over the entire momentum range

- The average track length in a given tracking medium are identical
Then, this ratio should be 1 (within statistics).
Reviewing the above conditions..

- Forgot to mention that the energy loss also changed!.

- The change in the mean step length could also matter (smaller
effect)
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On Mean free paths..

»«If all hadronic total X-sections are identical, then, the hadronic mean free paths should be
identical

- Should be true for & on Beryllium and Aluminium, since
BooNEG4Beam “overwrites” (overloads, in C++ terminology) the
native G4 cross sections. This, for pion momenta between 0.5 and
11 GeV

- This overload is applied only to “Elastic” and “Inelastic” processes.

- MiniBooNE proponents added a third process, “Quasi-Elastic”. This
is strictly a “User” process. (own cross-section, own model).

- No “simple-minded” double counting occurs. Note that the “Elastic”
cross sections is obtained by subtracting the Inelastic & Quasielastic
from the total cross-section.

« However, all this does not apply to scattering in steel (collimator, tunnel
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Checking the BooNE p scattering X-sections.

— This is a graphical rendering of

B Total BooNEHadronCrossSections
& Ber |||um # Quasi-Elastic
E n y 4 Elastic ClaSS.
ol + |nelastic
o T e L They are not used below 0.5
E i - - GeV. The code reverts back to
od

the native G4 values.
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|
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This class gives identical
results under BooNEG4Beam
v4p8 and v4p9.
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1.0e-23

Shown two weeks ago...

Except that | slightly re-adjusted
the shaded rectangle.

o Indeed, there are no entry below
0.5 GeV, because the
BooNECrossection are no
applicable below 0.5 GeV.

5.0e-24
|

4

0.0e+00
|

March 18 2016 23



Sig [mm"2]
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The good news: In both version of Geant4, should
the cross-section be negative, the corresponding
mean free path is set to a very large value.

==> same thing as for a negligibly small value.
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Let us be systematic, and investigate the vu flux

for 1 Be (shown last time), 3 Be Slug, and Full
target + Horn Alum, rejecting all meson scattering
from the sample. We will also shown the pion
energy spectrum after the horn.
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The v, flux with one slug, all scattered hadrons are removed. ..

Ratio No Scatt 4p9/4p8
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We still do have a problem,
well above 0.5 GeV !

Of course at ~0.25 GeV, the
calculation becomes very
sensitive to the value of the
(large!) QE X-scattering, as the
native hadronic X-sections
changed

| don't have an explanation for
this effect!...

Shown last time..

This time, I' Il giving you
a (distressing)
explanation...
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The v, flux with Three slug, all scattered hadrons are removed. ..

2 - A bit bigger, if any.
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The v, flux with the target, the horn, no other material

An yet bit bigger !.
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Back one step: Let us look at the pions kinectic
energy above 0.5 GeV, measured at the horn.

Again, clean pions, always coming directly from
the primary vertex.

March 18 2016
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The ©* flux with three slug, all scattered hadrons are removed. ..
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These are the distributions of the
pion kinetic energy, above 500
MeV, measured at the end of the
horn.

Very similar, yet, a bit different:
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The n* flux with three slugs, all scattered hadrons are removed. ..

Ratio. v4p9/ v4p8
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Pion Kinetic Energy [MeV]
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Taking the ratio of the above
histogram.

Just a straight line fit, slope is
different from 0 at a confidence
level of 1.8107-3.

Fitted value at 2.5 GeV (which
corresponds to a v, energy ~ 1.0

GeV) is: -2.3%
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The ©" flux with complete target + Horn aluminum,
all scattered hadrons are removed. ..
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A forgotten change, v4p8 - v4p9 : Electronic Energy loss
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Histogram of the energy loss for
pion from the primary vertex,
through 3 Be Slugs.

Mean Energy Loss through this
(partial) target : 9.6 MeV (v4p8),
19.2 MeV (v4p9)

From this data : mean de/dx:

V4p8 : 1.68 MeV/gr x cm?
V4p9 : 3.3 MeV/gr x cm?

For a mean vy factor of 12.6
(mean kinetic energy of 1.5 GeV).
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(—dE/dx) (MeV g_]cm?')

PDG Values: ... (2014 edition..)
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Pion momentum (GeV/c)

V4p8 : too low
V4p9 : very likely too high..

Mean track length is only 30.4 mm
(for both versions)

Rejecting the tails of de/dx dist.
Does not resolve the issue.

???7? Note: almost a clean factor 2

To be investigated ....
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The n* flux with three slugs, all scattered hadrons are removed. ..
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Ratio of n* kinetic energy + energy loss in Be
That is, the energy at the primary vertex.

The slope is gone .... Check of consistency of
the pion momentum consistency at primary

vertex
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?2?7? HadronlonizationProcess done twice. ??

Yes, G4 v4.p8 and v4p9 has no problem, if we
(implictly!) ask for it in the Physics List declaration,
the energy loss process will be invoked twice.

This implicit invocation is actually version
dependent.. Not done in v4p8, done in v4p9.
G3 PhysicsList not backward compatible, version
dependent. User-Physics List strongly
discouraged in v4.10, not supported....
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The first real (non-diagnostic related) change in
the v4p9 code in the last ~9 months
The change is in BooneHadronPhysics.cc

/I use BooNE Cross Sections if asked to
if(crossSectionsBooNE)thePionPlusinelastic. AddDataSet(&thelnelasticData);

SetSecondarylnteractionModels(ipiplus, theLEPionPlusModel,
theBertiniPionPlusModel,
NULL,
theZeroPionPlusModel);

pManager->AddDiscreteProcess(&thePionPlusinelastic);
//
// lonization energy loss seemingly done twice.... P. Lebrun, March 1 2016

/ / pManager->AddProcess(&thePionPluslonisation, ordInActive,2, 2);
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Next difference: Numerical integration of
iInteraction probabilities and step length.

In both version. Not easy to fix, except by
changing the geometry.

March 18 2016
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A look at the position where hadronic interactions occurs
(for =" ) in the Be target (complete one)
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Obtained with v4p8. But v4p9 (and | strongly suspect, v4.10) will produce the same peculiarity.
Where do these spikes come from ? They are at the edges of the volumes..
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Two possible models:

(I) Pions are Chameleons particle: their coupling to Be (or air) depends on the local
density of matter. Inside the material, the interaction is screened, but once they emerge to
much less dense medium, they interact, as the scattering amplitude is related to the
change of density.

(i) This is imply the way G4 does the tracking and handle multiple processes. It is
slightly different in v4p9, with respect to older version of G4. In v4p9, prior to initiate the
tracking, a set of probabilities are upload, one for each discrete process. In the case of

decay, it will be related to the number of life time, for scattering, to the normalized mean

free path. For each step, one decrements this “life time” by the physical time it took to go

through the step, of by the physical number of interaction length. Any given step always

occurs in a given medium, and the physical mean free path is computed, once per step,
based on the set of cross-section, atomic numbers, and so forth.

If the clock ran out at the end of the step, the discrete process kicks in, and the process

name is transferred to the user. But the position of the track is the position at the end of
the step. The step length is often dictated by the geometry.. Hence, edges of volumes.
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Further notes
(1) Step lengths are discrete. This is a numerical integration.

(ii) The physical mean free path may depend on momentum. In case of (extremely)
resonant scattering, occurring only with a narrow momentum range, G4 might severely
“under-simulate” such scattering event, because, upstream of the step, the momentum is
too low, and, if the step is too large, the momentum for the next step will too high. In this
limit, not interaction at all, independently on how big the X-section is, on resonance.

Let us test the implication of this intrinsic numerical integration approximation: first,
increase the inelastic scattering in Be by a factor five, to get more scattering events. Note
that this X-section depends on momentum, between 0.5 and a few GeV. Run the with
default geometry. Second, place small cylinders of Beryllium, 4.5 mm long, in the Be
slugs, thereby forcing the step length to be smaller, as dictated by the transport
mechanism. (We no longer have the option of setting a maximum length in G4). This
exercise is done in v4p9.

The “measured” cross-section, as tallied by the number of " inelastic scattering events,
changed by 4.1%, for the nominal target geometry (full length target).

For this to be relevant, the step lengths in v4p8 and v4p9 must differ.
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O.K. This will be hard to fix! It is an intrinsic
limitation of the G4. Let us re-cap, and test the
impact of a “fine grained” geometry on the
neutrino spectrum. (and the correction on de/dx)
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numu Flux [a.u.]. from Pi+
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By doubling de/dx, we reduce the momentum of pions prior to decay... We get a bit more
flux.. Note the large effect at high energy, probably due energy loss in the collimator.
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Effect of the change in geometry in the Beryllium only...
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Smaller than the de/dx correction...
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Current ratio of v, flux from ©t* decay,
v4p9/v4p8 (after dE/dx correction)
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Current level of discrepancy at 1.0 GeV = 5% Still a discrepancy at low energy..
Systematic uncertainties due to modeling of the scattering processes
(Cross-section + model) is still with us.
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Progress... One bug resolved.. Learned lesson: To “Inherit” from
very complex (and changing) code (G4 Physics list) should not be
done lightly.

Back 15 years ago, Geant4 users were encouraged to write their own
PhysicsList, allowing full flexibility in selecting which process physics they think
is relevant to work with. However, the public/private interfaces was never easy

to understand and control. Moreover, some of the processes are correlated with
others.

With Geant4.10, it is very strongly advised to () use the existing physics list (ii) if

a process needs revision, such, as for instance, pion scattering on Be, Al, Iron,
etc, work in close collaboration with the G4 physics group.
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