| Beyond 3
(1 Colliders”

Optimization of a Short-Baseline Neutrino
Beamline at CERN

- A Non-Tracking Based Approach -

NBI Workshop 2024

by Marc Andre Jebramcik & Nikolaos Charitonidis (CERN)

also on behalf of F. Terranova, F. Pupilli, M. Perrin-Terrin, A. Longhin et al. G S\ ==
08.10.2024 g ONVENTIONAL

BEAMS




A Short-Baseline Neutrino Experiment: PBC-SBN

* ENUBET is a proposed experiment that features a
short-baseline secondary beamline. It focuses on the
the v. and v, cross-section measurement (see A.
Longhin’s presentation from yesterday!)

ENUBET baseline design

« ENUBET is a horn-less design that may use a 4.8s or —

9.6s long slow extraction from the SPS (p=400 H%%E mi=t ———
GeV/c) e

* ENUBET is a “monitored”” neutrino beam
experiment: It proposes to measure the beam flux
with high precision to achieve the cross-section
measurement
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A Short-Baseline Neutrino Expe

ENUBET is a proposed experiment that features a
short-baseline secondary beamline. It focuses on the
the v. and v, cross-section measurement (see A.
Longhin’s presentation from yesterday!)

ENUBET is a horn-less design that may use a 4.8s or
9.6s long slow extraction from the SPS (p=400
GeV/c)

ENUBET is a “monitored” neutrino beam
experiment: It proposes to measure the beam flux
with high precision to achieve the cross-section
measurement.

NuTAG takes it a step further: silicon pixel detectors
measure the momentum on a particle-by-particle
basis; and also measures the momentum of the [
coming out of the two-body decay of K*and m* with
a 2nd tracker station

NUuTAG EPJ C paper (accepted): https://doi.org/10.48550/arXiv.2401.17068
ENUBET EPJ C paper (2023): https://doi.org/10.1140/epjc/s10052-023-12116-
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riment: PBC-SBN

The PBC-SBN, i.e., NuTag embedded into the ENUBET REF design
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«+— 40m long decay tunnel —»

Courtesy M. Perrin-Terrin

PBC-SBN

NuTag and ENUBET are merging — PBC-SBN
supported within the PBC initiative (Physics Beyond
Colliders)

Within the PBC, the a new beamline design for
ENUBET - the so-called reference (REF) design —
was developed that now became the PBC-SBN. It
now also includes the silicion-pixel detectors required
for the NuTAG physics case.


https://doi.org/10.48550/arXiv.2401.17068

The starting point of the PBC-SBN: the ENUBET line

* The original ENUBET beamline achieved an extremely
low background signal in the decay tunnel; however, the
kaon/pion yield was not fully optimized. Effectiveness
improved by the REF design developed within the PBC at
CERN (E. Parozzi, N. Charitonidis)

Name baseline REF
K*/PoT | 3.6 x 10~* | 7.0 x 10~*
7t /PoT | 4.0 x 1073 | 1.1 x 1072

400 GeV proton beam; [-10%,10%] momentum interval at p=8.5 GeV/c

REF design by E. Parozzi & N. Charitonidis @ CERN

Double-bend achromat 40m-long decay tunnel —
“momentum-selection section”

Quadrupole quartet
“focusing stage”

Quadrupole triplet
“acceptance stage”

Upcoming proton economics @ CERN (see CERN-PBC-
REPORT-2023-001):

— ECNB3/SHiP aims to be operated at 4E19 PoT/year
[PoT =”’protons on target”’]

— North area FT experiments and secondary
beamlines is going to be at ~1E19 PoT/year

— The ENUBET physics case will require 5E19 PoT
(assuming the ENUBET baseline design)

The PBC-SBN will be operated in the range of ~5E12
PoT/spill (~67 kW) with (much) less than 1E19
PoT/year

We are in desperate need to develop a framework
that leads to a full beamline optimization. Since we
have to reduce the number of required PoTs as much
as possible.

We face a multi-objective problem with a very
extended parameter space that exceeds the capabilities
of common accelerator-physics codes (MADX, PTC,
etc.)
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Optimization Objectives
* In the ideal case a self-consistent optimization of the full
beamline is carried out with a large number of free

* Good transmission is mostly obtained by having parameters for flexibility, to shape the acceptance

— a beamline that is short (less premature decays) A numerical optimizer is required since

L

- good overlap between the acceptance and the phase- - one has to optimize the line for different momenta
space histogram of secondary mesons (and magnet imperfections) simultaneously
Horizontal phase space (x-X') Vertical phase space (y-y) - there is not only the transmission one has to keep

an eye on (multi objective); e.g., momentum spread,

0.04 4 R .
' beam properties at key locations

0.04 45

4.0 By 0.02 10* * We aim for an optimization framework that is light-
5 5 weight and can run locally on any computer. Hence,
% 0.00 g . 000 s tracking is avoided since it is time consuming.
« 100 ¥

10°

~0.02 ~0.02 * We want to optimize:

— quadrupole parameters (aperture, length, gradient)

~0.04 {33 B
4 'r 107!

—0.50—0;\9‘25 o S . ~0.050-0.025 E?r:? 0.025 0.050 - length of drift spaces

- graphite target (density, length, radius)

Histogram of K* at p=8.5 GeV/c
produced by 400 GeV/c protons on C target
. (obtained from a BDSIM simulation)
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A “Novel” Optimization Approach Using MOGA

M. Jebramcik Tuesday, October 08, 2024



Beamline Evaluation

Preparation: Calculate the histograms of K*and t*

Acceptance curves of the PBC-SBN

0.04
that come out of the graphite target (BEFORE the 0.03
o . o — Oplpy =-0.08
optimization process) 0.02 I L
% 0.01 m— Op[pPg =-0.02
. . . ©
— Step 1: To avoid tracking, calculate the linear £ 000 =
] . - = Op/pg = U.
acceptance in x-x’> and y-y’ for different * o0 —— 5pIpo = 0.05
o . . 6p/po = 0.08
momentum slices (and magnet imperfections!) ~0.02 1 =
—=0.03 A
—0.04 —DI.DZ U.IDO 0.62 O.IOLI-
X (m)
0.010 4
—— 5p/pg =-0.08
0.005 - — 5p/py =-0.05
) — §pipg =-0.02
g 0.000 - w— 5p/po = 0.0
£ m— Opfpy = 0.02
—0.005 - s Op/pg = 0,05
6p/py = 0.08
—0.010 4
—O‘.Ol O.IOO 0.I01
y (m)
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Beam I i n e Eval u ati O n Example: CNGS graphite target Acceptance curves of the PBC-SBN

Fr ?"“'"_.
0.04
— Preparation: Calculate the histograms of K* and s* -—
that come out of the graphite target (BEFORE the 0.02 47 100 0.03
optimization process) 5 0.02 s
% 0.00 ;g" % 0.01 —— &p/po =-0.02
- Step 1: To avoid tracking, calculate the linear £ 400l =]
. . 10° - — Gp/py = 0.
acceptance in x-x’> and y-y’ for different 0.02 * o0 —— 5pIpy =0.05
o . N ' - &plpo =0.08
momentum slices (and magnet imperfections!) ~0.02
—0.04 +14 -0.03
— Step 2: “Count” the number of K* and w* within i | o e T
the boundary of the acceptance — beamline ~0:05070:025 0000 0:025 0050 X (m)
transmission (main optimization objective)
0.010 A
0.04 — Op/pg =-0.08
0.005 A m— Op/pg = -0.05
=) m— 5p/py =-0.02
0.02 10 £ 0.000- —5p/py = 0.0
— T m— Op/po = 0.02
g —0.005 - s Op/pg = 0,05
>, 0.00 & E 6p/py =0.08
. 9 -0.010 1
-002 -0.01 0.00 0.01
y (m)
~0.04 £33
: iy e 107!

—0.050-0.025 0.000 0.025 0.050

y (m)
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Beamline Evaluation

A single beamline evaluation with sufficient
accuracy takes 1.1s CPU time using some straight
forward NumPy implementation + CPYMAD

Preparation: Calculate the histograms of K*and t*
that come out of the graphite target (BEFORE the
optimization process)

Step 1: To avoid tracking, calculate the linear
acceptance in x-x’> and y-y’ for different

momentum slices (and magnet imperfections!)

Step 2: “Count” the number of K* and w* within
the boundary of the acceptance = beamline
transmission (main optimization objective)

Step 3...N: The beam size, momentum spread and
other parameters can be calculated analytically
and used as additional optimization objectives

Example: CNGS graphite target

F

0.04 +

0.02 4

*  0.004

—0.02 43

—0.04 £33

—0.050-0.025 0.000 0.025 0.050

0.04

0.02 4~

=~ 0.00

-0.02

~0.04 L33!
£

e

x (m)

—0.050-0.025 0.000 0.025 0.050
y (m)

10!

10°

107t

10t

10°

107!

K * /bin/POT

K* /bin/POT

Acceptance curves of the PBC-SBN
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w
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The Results of an Example MOGA Run

at Pb plate (m?)

2 2
X+O'y

(o)

Example run with 1500 generations

Hyper volume flattens out over time as
expected

Transmission objective more important than
the other two — Select solution with rather
large transmission from Pareto that does not
lead to a blown up beam in the decay tunnel

Objective 2 vs Objective 1 [competing]

Hyper volume evolution
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Objective 3 vs Objective 1 [weakly competing]

0

200 400 600 800 1000 1200 1400
generation number

Two 2D projections of 3D Pareto front

—

< e |
£ 0.012
R L]
g L]
-E 0.008 1 H
>, . s
S 0.006 ] te T
_ﬂc.} oo o o ¢
= 0.004 1 R PR LT
© o .... * o * . LX em ¢ .
Nbbs n:..-:..’.. . . ..
0.002 A . S et * . .
+ .:‘- o .0 .o R ses @ .. S0 a0 g
Nb>< 0.000 @ 2 os 0 B 2 Cotu’e mef o ot

0.00220

0.00225

0.00230

0.00235

L]
o.x L
d .O. . ."
I. L ] *
. « 8 o'..
0.00049 - . ot :'.".."-
e®*%s
- .o ’.. ...
., M
0.00048 - .- ,-._-f!
L
Y
L ] .0 g
0.00047 - I
- [ ] .. ‘ r L]
% . s 30"
T
0.000464 %
0.00220 0.00225 0.00230 0.00235 0.00240
beamline transmission K ¥ /PoT
M. Jebramcik

beamline transmission K ¥ /PoT

Tuesday, October 08, 2024

0.00240

N .

| ""———n,,,,/// -
N

N
AN

Effectiveness per function call declines.
There is never full certainty
that one cannot squeeze out a bit more

SeIeCted SOIUtion

10

///



Optimized Solution (Layout)

* Optimized beamline is ~7 m shorter

Layout comparison

* Quadrupoles in last triplet much shorter

REF design
. r] ~ [Te! w3 o n - [-H\ g
* Beam remains -42% smaller throughout the A 2 = 2 2 = S 2 -
decay tunnel . o H B FEERE - Bl B B - -
- T Bl 2 El £ lsbklls] ¢ [E]l ¢ k] 5 8] & |&] ¢
* Beam is -82% smaller at the Pb plate at Q4 : = = g g = 5 & &
o o o =) = o < ©
* Graphite target has changed from the ¢ - . ) = =
ENUBET target (L=0.7 m, r=3 cm) to a _ Opt. design
CNGS-like target (=1.25 m, r=2.75 mm) o ’ 2 2 10 2| el Bre
=Bl Bl 8 EBlz E N E = <o 2
Co B o g I IS IS I w5 E = - ElFE
* Transmission improved by +107% mostly o BT B 2 s 2 )s 3|2l E BILE
due to shape of y-y’ acceptance o2l E’E ikl EE % 3 % E %g%
o4 o | o —_—
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Optimized Solution (Optics)
Optics comparison (1o beam size)

* Optimized beamline is ~7 m shorter g - T
= 02 REF design = 02 Opt. design
* Quadrupoles in last triplet much shorter g n_l-/—\\_\__f/_,\_‘\—// £ o1
. 2 ) _N a 0 e i
* Beam remains -42% smaller throughout the 3 "'K7F <7 — - N:
decay tunnel £ PR N £ o1 "\_/‘_’\Wl
=3 =)
. E —02 - T —n.2
* Beam is -82% smaller at the Pb plate at Q4 =2 , | , | | , S , | | | | |
0 10 20 30 40 50 60 70 i} 10 20 30 40 50 60
longitudinal position 5 (m) longitudinal position s (m)

* Graphite target has changed from the
ENUBET target (L=0.7 m, r=3 cm) to a

CNGS-like target (L=1.25 m, r=2.75 mm) E 02 REF design E “2LF\_\-P_/J Opt. design
= >
g 0.1 = 01
* Transmission improved by +107% mostly £ UU_W R
due to shape of y-y’ acceptance 2 C_\/\,—g—. 2 [~
‘T 0.1+ T 0.1+
g £
g =0.2 1 g =0.2 9
0 1 IU ZIU 3IU 4IL} 51U ErIU 70 a 1 IU ZIU SIU 4 I[J SIU tiIU
longitudinal position s (m) longitudinal position s (m)
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Optimized Solution (Acceptance)Acce e comtaricon

* Optimized beamline is ~7 m shorter
* Quadrupoles in last triplet much shorter

* Beam remains -42% smaller throughout the
decay tunnel

* Beam is -82% smaller at the Pb plate at Q4

* Graphite target has changed from the
ENUBET target (L=0.7 m, r=3 cm) to a
CNGS-like target (L=1.25 m, r=2.75 mm)

* Transmission improved by +107% mostly
due to shape of y-y’ acceptance

: Aplp,=0
REF design
(70 cm target) i
0.04 A 0.04
0.02 10! 0.02 1 101
5 =
e o
s 4
x 000g £ > 000; E
H +
100 ¥ 100 ¥
-0.02 - ~0.02 %
-0.04 +:4 e
¢ 197 g 3 10
—0.050-0.025 0.000 0.025 0.050 —0.050-0.025 0.000 0.025 0.050
x-x’ Aplp,=0 y-y’
Optimized - . - ; . .
(125 cm target) 0044 0.04
Less‘,‘ fuzzy; L 1 - |
looks “cleaner” R el 2L 0
- OO O O O O O O O O @O 00— X O E
T 0.00 c
1 e . =
x 0.00 é : ?
s 10” ;( 100 k%4
=0.02 - —0.02
~0.04 - -0.04 _—
S Mok
—0.050-0.025 0.000 0.025 0.050 —0.050-0.025 0.000 0.025 0.050
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Verification via BDSIM after MOGA Optimization

e Have created a BDSIM model (GEANT4 with

- e + —4 + =3
FTFP BERT physics list) of the beamline to confirm Ee?mhnelfleblgn KT /PoT (1077)  «7/PoT (1077)
— . . . ef. inear 11.6 15.8
the transmission gains. Opt.  linear 23.8 (+107 %) 30.7 (+95 %)
Ref. BDSIM 6.9 9.9
Lo-1 Opt.  BDSIM 14.5 (+110 %) 20.4 (+105 %)
— —}— Ref. m*
S | r |~ Opt.nm® * Compared to the ENUBET baseline design, the REF
2 10-3 4 ] —— Ref. K™ design featured 2x transmission. The optimized line
5) —}— Opt.K* improved it by another factor 2x (4x in total);
= however, a Pb plate had to be inserted to remove
& positrons from the beam (small loss of intensity)
RURR .
% j 0.075
Spill intensity 5E12 PoT/4.8s — 107
10—7 . ; . . . . 7/ 0.02 10t E
00 25 50 7.5 10.0 12.5 15.0 i 3
particle momentum (GeV/c) h_ms : 100 :‘%

=0.050 4

=0.075 o

102

-0.100 == . . - |
= 0.100-0,075=0.050-0.025 0,000 0,025 0050 0.075 0.100
= {m)
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A PRAB paper Is going to be submitted by Dec. 2024
The code will then become available.
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Conceptual Feasibility Analysis for the PBC-SBN

* Current design assumes 5E12 PoT/spill for a 4.8s CMS
slow extraction (or 1E13 PoT/spill for a 9.6 s

extraction) oyttt P
[.HC Platform :
i

* The PoT requirement for the ENUBET physics cases : ;
has reduced to 1.4E19 PoT (28% of the initial . e

requirement). S o
o . . TSy AWAKE
* A conceptual feasibility analysis is ongoing: e
Iha I |
. Ny
— The North Area: features a slow extraction and e MEDICIS
2010
already houses the ProtoDUNEs; however, the ISOLDE
. . . . EEPE 0000 L iieccceiccasaaaan,
beamline placement is not easily achievable REX/HIE: ©  East Area
TTI0 I I.DE '

.
.
SO : :
1 1

i

- ;
PS . "I
H\ll.-}[': 4

* Our findings will be summarized by the end of the \, I LEIR_ > b
year and will support the application of the PBC- 1904 B

SBN to the ESPPU in March 2025.

-  West Area: no slow extraction; however, more
space and some existing infrastructure
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Conclusion

The MOGA optimization based on a concept that uses a non-tracking approach that uniquely couples accelerator-
physics concepts with a particle-matter interaction simulation appears to be highly efficient

- Effectiveness was confirmed within BDSIM simulations

— Good performance and results even in the range of 26+ free parameters of different types (drift spaces,
quadrupole parameters, target properties)

— Approach highly flexible and may also be used for existing secondary beamlines and new beamline designs

The PBC-SBN beamline transmission was improved by an additional factor 2x (4x improvement over the ENUBET
baseline design). The ENUBET physics case (1e4 v. events) could be reached in a time span between 5 and 10
years with a PoT investment between 13% and 26% of the North Area PoT.

We are currently investigating a potential placement at CERN’s North Area and (former) West Area
PRAB paper on optimization to be submitted before the end of this year;
PBC reports (including the PBC-SBN) are being prepared for March 2025 (ESPPU)
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Introducing the NUTAG Trackers

* The beamline as decided cannot be used for the purpose of New layout: that removes positrons:
NuTag:
- 1.2 cm Pb plate followed by a short dipole that

- Six pixel monitors are required for a particle-by-particle removes positrons

momentum reconstruction as well as knowing the

trajectory in the decay tunnel — Last quad removed
- Too many positrons; first pixel detector easily exceeds New layout

100 MHz/mm? (NA62 GigaTrackers 2 MHz/mm?) Pb plate W

: aaQ4
Previous layout 5 StaERs

4 screens
\
2 monitors (trajectory)

Spill intensity 5E12 PoT/4.8s

4 monitors (momentum reconstruction) s SUKEEN L Cnargea_a_t iy
-2 Q9 Line End . o
o e 0,075 {5
—+p 109
10 i : 0,050 §
—+u . L
104 0.025 i ! , E
£ Bt =10 b
& E : *
Rl s = 0.000 g
g T Effectively, T [ s
g Ang d . e A
106 it's a positron beamline. ~0.025 1 3
, _0.050 J58 ‘
10" I| o F10°
m =0.075
10-8 T : l

momentum (GeV) -0

101

100 4 - - - -
=01 00=0,07 5= nﬂ:.a-uuzsnuan UI}IS I}DSG 0075 0 1|:|l:|
= (M)
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List of Targets

Name (reometry Length Radins Density
L {m) r (mm)  p (g/cm?)
ENUBET A cylinder (0.70 30 2.3
ENUBET B (thin) cylinder (.70 10 3.3
CNGS A (correct) mulitple cvlinders 1.30% 2/3 1.8
CNGS B (collapsed) cylinder (.70 2.5 1.7
CNGS C (thin) cylinder 1.30 2 1.7
CNGS D (thick)* cylinder 1.30 3 1.7
CNGS E (long) cylinder 1.40 2.0 1.7
CNGS F (short) cylinder 1.20 2.5 1.7
CNGS G (very thick) cylinder 1.30 13 17
NuMlI cylinder (.94 3.7 1.7
T2K cylinder (.91 13 1.7
CNGS H cylinder 1.30 3.5 (+0.5) 17
CNGS I* cylinder 1.30 3 1.8
CNGS J* cylinder 1.30 3 2.0
CNGS K* cylinder 1.30 3 2.2
CNGS L* cylinder 1.30 3 2.4
CNGS M* cylinder 1.35 (-0.05) 3 2.4

M. Jebramcik
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Target comparison

x pion distribution, all momenta ¥ pian distribution [dp/p<25%, p=12GeV/c]
nal- i HE £
C C —B
- 0.038F- p
A. Baratto-Rolddn et al.: NuTag: proof-of-concept study for a long-baseline neutrino beam 025:_ 003l _E
r o2 B 0.0zsf- =
E C E E
Identifier | Length [em] | Radius [mm)] Comment EL - % o0zl
B F 5 E
A 70 5 Length of ENUBET proposed target A oaF & o5
B 70 13 Length of ENUBET proposed target with DCSE_ sz_
T2K’s target radius e 00051
C 126.1 2.5 Length and radius of CNGS target [58] o0~ 969 CE
D 126.1 13 Length of CNGS target with T2K's target
radius |61 X' pion distribution [dp/p<25%, p=12GeV/c]
E 94 3.7 Length and radius of NuMi first design 0.7 ] g
- ! :
D06 i . D
F 91.4 13 T2K-like target [61] r ~E
> 005 - r i’
: £ ol
E 004 & B
§ § 0.004|— k
0.03 = \\\
0.0z T 0.002]— ‘\\.,'
- i B B
a0 =S -
=it AP EPUPUPRN I SV NP R MRS PR B PP R PSRRI RRFAFIN PPN PPN IS o
100 80 60 40 20 0 20 a0 &0 @ 100 %0 w0 B0 40 -2 U 20 40 & B0 100

®' [mrad] «' [mrad]
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Does the Linear Acceptance Suffice?

One can analytically calculate the acceptance of the
beamline in the linear limit (fast)

The nonlinear acceptance; however, can only be
obtained via tracking (slow)

On-momentum acceptance of SBN beamline

Clearly the linear approximation overestimates the real”’
acceptance; however, is it terrible?

Multi-objective Genetic Algorithms (MOGA) like NSGA-II are
mostly based on the sorting of solutions:

- <“Keep solution A if the transmission is better than that
of solution B.”’

B = * The absolute value of the transmission does not matter. The
x o relative comparison between solution matters!
@ 001
{@) ] i . . .
= Vst S * If the map “nonlinear acceptance” - “linear acceptance” is
g 20 horiz. linear acceptance invertible, we can stick to the optimization within a linear
A —— vert. linear acceptance frame work
{]:5) —-0.01
wn
C
E | % Oplpo=0 . .
5 -0.02 L 20 L pe=—0.09 / Example with 200 machines:
pt < 6/py=0.09 For three different momenta,
~0.02 -0.01 000 001 0.02 § 2% 1077 g1veeragr60d;CtlineA§rA\y Cor:raeslatign
transverse position x, y (m 5 o
P y (m) 5 coefficient r=0.999
Requirement fulfilled even though =
A) the acceptance is at large action J.y, and 3
. 107 -
B) the energy offset J, is large S
in the PBC-SBN line —— —— —
AA, linear approximation (m?)
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Slicing of the Phase Space

CNGS target: Histogram mostly block diagonal

Acceptance for different momentum offsets L Ps Y Py I
— 1.0 0.9 1.0x107* 1.3 x 107" —-6.8 x 10~
' —— 6pipy =-0.08 cov(A,B) 1.0 1.4x107° 1.6 %10~ =1.6%107?
0621 === Opipq =+0.05 oA0n 1.0 0.9 821074
012 === Cpipy =+0.02 1.0 4.1 = 10 =
— Gy =000 1 D
= 0014 = Gpipy = 0.02 .
o — n = WU ]
5 o0l psiog B Target's momentum dependence
-:HI n= --- r » _9 . _n
a1 — dd () == 2.1? * 10 - (‘;uvﬁ:}{}'m qul[]l}
_ dp GeV /e GeV?/c?
— 11,02 1 X ;
(1)
=007 1 St A e S
{I{l:-:{ ) 17.96 =% 10 ( 8.5GeV/ }.l.H -4 [ 1
e ; & ! Pl = — ) aGeV/c)————
-0.04 =002 000 002  0.04 dp ! GeV/e ! GeV2/c?
X (m) ‘
(2)
—— Gpipg = -0.08 Transmission at different momentum offsets
0,010 = Gpipg =-0.05 / - Target's momentum dependence
— fpipg = -0.02 4 Pt + 6 ] t K
0,005 { == Gpie = 0.0 \ LN S O & PR
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The overlap of the acceptance with the target histogram

Acceptance for different momentum offset
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Physics List Comparison

The results are based on the FTFP_BERT physics list

The QGSP_BERT physics list results in in overall decrease of the yield in the 25% range

FTFP_BERT result
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QGSP_ BERT result
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