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General motivation
Status of Standard Model in HEP:

REDTOP
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A The Standard Model has served us well for 50 years!
ARecent measurements I ndicates

A Six categories of problems have arisen in SM.
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asurement at Fermilab

rgy levels in muonic
ydrogen are different than
standard hydrogen

Bumblike ? structure in the
emission spectra of openning
angles for e*e pairs in the
iIsoscalar magnetic transitions of
8Be and “He nuclei
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Current Status of HEP

SM ingredients are insufficient to explain the nature. Most likely we ne
. newforces (with adequate CP violation)
. hewparticles

WeE OOz Uwl EY I wBeydadhe StandardmbdelE Uz U w
Mass of possible New Physics spans 40 order of magnitude

Scientistsare hard pressed to design new experiments for understandi
Pl EUz Uwl OBPOT wdO

Weare in a rare (and exciting time) when discoveries will set the stage
the next 3050 years
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obs exvations detection

oLight dark matter must be neutral under SM charges,otherwise it would have beendiscovered
at previous colliders ? [G. Krnjaic RF6 Meeting, 2020 & ?requires new interactions ? [N. Toro, FIPS2023

The only known particles with all -zero quantum numbers: Q=1=J=S=B=L= Oarethe E/ E
mesons and the Higgs boson (also the vacuum!) b very rare in nature
TheE me & ®Qoldstone boson (theE & més®oa)n o

= oy~ - - t cross section o< couplings X ——————
The E / HKécaysare flavor -conserving reactions: Logo (@ +21%)

b laboratory for symmetry tests

Light particles induced interactions do not benefit
from going to large Gs the sameway ase.g.
interactions from heavy particles

Heavy mediator

Light mediator

M. Pospelov Log Q?

Experimental advantages: W°fks“05&152,“;;;;*“0“63

Hadronic production cross section iIis quite |

Strong & EM decays are forbidden in lowest order O((m, T m,)?) or O(a?,,) by discrete symmetry
invariance 6 Window to BSM physics

q
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an excellent laboratory to probe New Physics below 1 GeV



REDTOP Key Points »

Designed to search for BSM physics in the MeV -GeV region with a medium energy beam
A Main search fields: dark matter and CP-violation
A Background is much reduced compared to High Energy experiments
A Sensitiveto 17MeV resonances

REDTOP: h / dlyielding ~10 14(10*%) mesons

A Q10) the existing world sample with a 3 -yr run

Hadro -produced mesons: requires a 30W (55W) CW proton beam or (10 W) pion
beam

Moderate cost:

Less than $100M (excluding labor)




Dark photon searches: -
hY gAd with A8Y mm, AdY e‘e =% |
A Sensitivity to nultiple models

el R Kahlhofer

QCD axion and ALP searches:hY p p, with a¥Y g gaY mim,
A Various single production @ixionsare suppressed by £a )%

A Exceptionish /zAuET EEa UGB . E \ :” :“ ] E

A Double and triple production of a is not suppressed. Current
Dark scalar searches:hY p°H, with AY mim, HY e‘e

A Important to differentiate between Minimal Scalar Models and Leptophilic Scalar Models

Test of CP invariance via Dalitz plot mirror asymmetry: hY p°p'p-
A Search for asymmetries in thedalitz plot with very high statistics

Test of CP invariance via mpolarization studies: hY p°nmfm, hY g tm, hY mm

Lepton Flavor Universality studies: hY mmX, hY e‘e’X
A Need excellent particle ID

Displaced vertecesin ntm, e*e’, p*p events
A No long-lived SM are produced at REDTOP beam energy




Detecting BSM Physics with REDTOP ( h/hz wl E L

Assuming a yield ~10* A mesons and ~102%A0

REDTO

me s ons

C, T, CP-violation
CP Violation viaDalitz plot mirror asymmetry: ¥ oo
CP Violation (Typet Pand Todd ,Ceveny.- >° ¥ p8 g
CP Violation (Type ICand Todd , P even):¥ % andhY 3 g
Test of CP invariance via longitudinal polarization:2 Y mint
CP inv. viag *polarization studies1Y ptptetet & hAY pptmnt
CP invariance in angular correlation studigsy mint e'et
CP invariance in angular correlation studigsy mintppt
D m
T invar. via mtransverse polarizatiom?Y pPmnt andhY gmnt
W gg

CP invariance invm polar. in studies:#? Y

CPT violation:mpolarin hY prmnvshY pmn - g polarin

Other discrete symmetry violations
Lepton Flavor Violationsr Y et + c.c.
Radiative Lepton Flavor Violatiod Y gmet + c.c.

Double lepton Flavor Violatiorfr Y mmet et + c.c.

New particles and forces searches

Scalar meson searches (charged chamm&l);° </ with HY e'e and
HY mm

Dark photon searche:Y gA% with AAY I
Protophobic fifth force searchesY gX,,with X;;Y
QCD axion searches7Y p @,,with a,;Y €€

New leptophobic baryonic force searche¥ : gB with BY e'e or BY
gr°

Indirect searches for dark photons new gauge bosons and leptdgua
Y mmand N ee

Search for true muoniunk Y g( ‘mt )| ,y Y geet
Lepton Universality

hB peH with HY nN, ALY h&,N Y &

Non-A /zAuE EUIT Ew! 2, w/
Neutral pion decay* Y ¢AzY g
+ / z U wU | PEnbkoffprocessBsd w
pZY pzaY I (F. Kahlhoefer

Charged pion and kaon decays:
oty mn 2Au ‘med andK+Y mn zAu ‘mee

Dark photon and ALP searchesDmell-Yan processes:
qgbarY Az “YEI*!

Other Precision Physics measurements

Proton radius anomaly? Y g *mhvs hY ge'e
Bwmp2, wx BIUEDPEOU

All unseenleptonicdecay mode @f/

a H’@Pﬁ lgr«g!:ision studies on medium energy physics

Nuclear models

Chiral perturbation theory

Non-perturbative QCD

Isospin breaking due to theduquark mass difference

Octetsinglet mixing angle

Electromagnetic transition forefactors (important input for €2)
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Detecting BSM Physics with REDTOP ( h/hz wl E I

REDTQO

Assuming a yield ~10** A mesonsand ~10°A6 me s on s

Only experiment, along with
SHIP and HHAS, sensitive to all

four BSM portals

c Neutral B
¢+ / z UwU ] PEmhEoffrotiessBsd w
pzZY pzayY It (F. Kahlhoefer
¢ Charged pion and kaon decays:
prY mn Au ‘med andK+Y mn 2Au ‘mete

¢ Dark photon and ALP searchesDmell-Yan processes:
qgbary Az YE"I!

¢ Chiral perturbation theory
¢ Non-perturbative QCD
¢ lsospin breaking due to theduquark mass difference

¢ Octetsinglet mixing angle

c Electromagnetic transition forffactors (important input for €2




New particles

¥ B REDTQ
LM \/ector Portal: #6 g4owi t hY 111A6r o we
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Theoretical Models studied
C Minimal dark photon model

A Most popularmodel:

C Leptophobi® bosomodel

A 16 boson coupled to quarks but not to
leptons Escribano, GonzaleRolis, and
Royo (2022)

P\ REDTOP 2025
REDTOP 2025 9 Detached vtx analysis .

o 10° | C  Protophobid=ifth Force

A’ Mass (GeV) A’ Mass (GeV)
FIG. 36. Sensitivity to to £* for the processes 77 — yA’ for integrated beam flux of 3.3 x 10'® POT.
Left plot: bump-hunt analysis. Right plot: detached-vertex analysis).

A Explains theAtomki anomaly

10



The physics case for REDTOP k&

Physics case presented in 17§p White Paper. Sensitivity studies based on
~10 A mesons (3.3x18 POT and 3-yr run), >30x10° CPU-Hr on

OSG+NICADD
https://arxiv.org/abs/2203.07651

15 processes fully simulated and reconstructedt 20 theoretical models
benchmarked
Four BSM portals
Three CP violating processesrequiring no mpolarization measurement
Four CPviolating processesrequiring mpolarization measurement
Two lepton flavor universality studies
Two lepton flavor violation studies

Key detector parameters

. Large sensitivity to <17 Mev mass resonances (compared to WASA and KLOE)
. Tracking capable to reconstruct detachedvertecesup to ~100 cm

~ Sensitivity to BR ~0(101%) ( ~Q(10%?) with pion beam)

. Detector optimization under way

ESS STAP Meeting


https://arxiv.org/abs/2203.07651

Present & Future 2 Samples .=
I I ATV P T

2 P10

CB@AGS 107
CB@MAMI gpY hp 1.8810° 5000 22107 +67107
BESIII e'eY JlyY hg hatrong 63 10° 1.13107+2.53107
KLOE-II e+teY FY h g 6.5 10° ~10°
WASA@COSY ppY A pp & pdY A3He >10° (untagged); 3 107 (tagged)
CB@MAMI 10 wk )
(proposed 2014) gpY hp P 107 1.5 10 P1E
Phenix dAuY A X 53 10°
43108
Hades ppY App & pAuY AX
Near future samples
GlueX@JLAB -
(running) Goce P VS MY neinals 5.3 10yr
JEF@JLAB -
( approved) G2ceP Y C MY neutrals 3.% 10°/day
HHAS
: . ~ 10%/yr
(proposing) PrgcevN Y CXu
REDTOP
(proposing) P1scev Li/BeY CXu 3.4 10%/yr



REDTOP Running Modes for 101 4 mesons. =

Baseline option & medium-energy CW proton beam L‘I\’/ISH'—HCb@“O
Z

¢ proton beam on thin Li/Be target : ~1.8 Ge\80 W (13! POT/sec)
¢ Low-cost, readily available (BNESS FNAL, GSI, HIAF) e ey Y
o F ; - 1. GHz

¢ h:inelastic background = 1:200 vl UET T wi Y1 &0 wol

C Untaggedh production 4charged + 4 neutral |
h /zhwx UOE U E B3MblauU

Preferred option d low -energy pion beam

C p"onLi/Beor ponLH: ~750MeV - 2.5x10° pOT/sec

C More expensive but lower backgrouitb§ FAIR, ORNL)

C h:inelastic background = 1:80) highe sensitivity to BSM el P (e

: - 0.1GHz
C Semitaggeds production b Izhux UOE O E 95 &
\ MHz

O O 0O O

Ultimate option: Tagged 1013 A mesons
High intensity proton beam on De target: ~0.9 Ge\0.051 MW
Inel . interaction rate: ~7- 130 GHZ}

Less readily availableEES FAIR, ORNL, PIP-II) h/zhwx UOE U E 0o DM E (
Requiredwd tagging detector for H&*

Fully tagged production fromuclearreaction:;p+Deb 4/ +Hes™

13



REDTOP Running Modes for 101 A mesons. =

\ ESS is the only laboratory capable of |
providing beam for all three running modes

Only ~1% of the proton or pion beam
Interacts with REDTOP

Remaining beam can be used for a
downstream pion and/or muon precision
experiment }

14



Detector Requirements:
BSM physics driven

LFU: Tagged lepton production from flavor -conserving decays
excellent e/ p/ mseparation

QCD axion
Calorimetric sensitivity to M( g )g30MeV

17 MeVe'e state (Atomki experiment)
Tracker sensitivity to M( e’e’)~ 10 MeV

Electron ID at very low energy

CP violation with muons

Muon polarimeter or high -granularity calorimeter

Sustain a 700 MHz event rate

New generation trigger

4

Mounting Evidence for the
Violation of Lepton Flavor
Universality
https://arxiv.org/pdf/2111.12739.p
df (A.Crivellin M. Hoferichte)
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v v > D> D>y B

Sustain 0.7 GHz event rate with avg final state multiplicity of 8 particles

EM Calorimetric s(E)/E ~ 23%/ EEu

High PID efficiency: 98/99% (e.g, 95% (7, 95% (@), 99.5%(p,n)
stracker(t) . BOpsec‘scalorimeter (t) 5 80pseC$TOF(t) o 50psec

Low -mass vertex detector

pe ~ .s -

charged tracks detection

Option 1: LGAD Tracker
4D track reconstruction fomultihadronrejection
Material budget < 0.1%l./layer

Option 2: Mu3e Phase2HV-MAPS
100psedayer timing resolution
Material budget < 0.1%l./layer

EM + Had calorimeter
ADRIANQO2/3 calorimeter(T1041+T1609

Rear section with Fabsorber anéGd-doped RPC
PFA +Dual-readout+HG
96.3% coverage

Vertex reconstruction

HV-MAPS (Mu3e style)
Low material budget (0.11% r. I. /layer)

~40nm vertex resolution in 3D

Cerenkov Threshold TOF
Option 1: Quartz tiles

Established and lowost technology

~50psec/layetiming with T1604 prototype

16
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Detector Requirements and Technology-*
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Detector Requirements and Technology—-’”}

v v > D> D>y B

Sustain 0.7 GHz event rate with avg final state multiplicity of 8 particles
Calorimetric s(E)/E ~ 2-3%/ EEu

}ﬂgb/
.
All last generation detector
technologies
\

~AQrmm Vertex resoiuton i 3u

/
/
/

T

~50psec timing with T1604 prototype
Option 2: EIC -style LGAD

~3040 psec timing, but expensive

1604)

17
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| REDTOP Detector

-+ Finuda Magnet

J. Kilmer 0J. Rauch




Location at the ESS -

-

ESS

p p T protons/s

T r—
6 Cryogenics from linac to detector

ESSnuSB

Proton Beam option
¢ Pulsed extraction dipolmagnet with long topff (2.8ms): _ _ o
- full linacpulse at low repetition rate Option 2:Solid or liquid target

. Extractlow intensity pulses at 14 Hz c Extract protons atenergy 2.3GeV (~ 10200 KW)
¢ Convert protons t@ions

G Focuspionsonto secondansolid target

Pion Beam option

Option 1: Solid target
Extract 10" protons/sat 1.8-2.0 GeV kinetic Energy, 30 W

Extract 2.5x10* protons/sat 0.9 GeV kineticEnergy, 50KW 1 MW

19




Courtesy M. Olvegard

Location at th
4 )

Placement of REDTOP in the
experimental hall has been
discarded. Impossible to bring the
proton beam here.

ESS

Courtesy M. Olvegard

e ESS -

A Protons extracted from the end of the linac
A (at 2.5 GeV point in the ESSnuSB design)
A Cryogenics for the detector magnet tapped from
the central cooling system

el
.........

nuSB

Only preliminary investigation on the location
Feasibilityhas been studied withlBSSnuSB
Thanks to V. Santoro, MDlvegardand |. Pavelic

iInvolvement of the ESS staff
6-months of an engineer has been requested

A more robust assessment of the location of the experiment needs the

in the proposal
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Timeline

¢ One approved at a laboratory, REDTOP needs:
A 2-3 years for detector R&D
A 1 year for design
A 2 years for construction In total:

¢ Running timeg based on 3x18 pOT or 3x1G7 pOT ~11 years
A 1 year forcommisioning+ 1 year engineering run
A 3 year for physics run
A 1 year for contingency

Com
. Physics Run ~103 d
mISSI

1 A A q ' mesons
' I I I I
L1 | | | | >
I I I I I

2027 2030 2031 2033 2035

04/21/2026 Experiment preparation

R&D Design Construction

ESS STAP Meeting



Cost estimate ", ™
Three funding scenarios considered 2023 QIJ'

Largest cost uncertainties

ADRIANO2 2 B/ ,(2x10Pt 4x10P)
LGAD mechanics

No labor considered (usually, 1/3 of the total)

Baseline option / FSS option \ Expensive option
(White paper)

Target+beam pipe 0.5 0.1 0.9
Vix detector 0.93 2.1 25.4
LGAD tracker 18.5 22.5 19.6
CTOF 0.6 0.75 3.0
ADRIANOZ2 47.7 22.5 47.7
Solenoid 0.2 0.3 0.2
Supporting structure 1.3 1.3 1.3
Trigger 1.3 2.4 5
DAQ 1.1 1.1 5
Computing 0.4 0.2 0.4
Total 69.7 ” 101.8
Contingency 50% 34.9 26.7 50.9

Grand total 104.6 \ 80.2 j 152.7




REDTOP Collaboratio

15 Countries
62 Institutions

138 Collaborators
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Status and Prospects >~

The design of the experiment is very mature: only minimal R&D is
required before engaging in a TechnicalDesign Report

The Collaboration plans to bring its own funding for the construction of
the detector

The hosting lab is expected to sustain the infrastructure and operation
costs, possibly, contribute to the installation

ESScan meet the beam requirements of REDTOP exceptionallywell for
all three running modes.

Unigue beam opportunity, partially shared by Oak Ridge.

The infrastructures built for REDTOP could become a longterm asset
for future HEP and nuclear-physics experiments at ESS (for example, a
super Kaon factory if E..,,,~ 2.5 GeV).
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Conclusions -

All past and present meson factories: LHCb, B-factories, Dafne, J/psi factories -
have delivered broad and impactful physics programs.

Neither the high-energy frontier nor the traditional low -energy frontier has yet
revealed clear evidence of New Physics; the Me¥GeV region is now regarded as
one of the most promising discovery domains.

pe ~ pd "n ~ ~ ~ "n ~

BSM at the MeVt GeVregion

REDTOP is among the very few proposed experiments, together with SHiP and
HHaS, with sensitivity to all four Dark Matter portals

REDTORP relies on innovative detector concepts with broad relevance for the
next generation of precision experiments.

Now shows -stoppers found so far to running REDTOP at the ESS

More details : https://redtop.fnal.gov and https://arxiv.org/abs/2203.07651

also https://redtop.fnal.gov/wp -content/uploads/2023/09/REDTOP LOI 2023-4.pdf
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Outsta

Hadronic meson decays

(B — D) 7y) R(D™) = (1.25 £ 0.07) x R(D")swm, (%)
RIDY) =555 D&y B(D) = (132 £0.16) x R(D)su, B—K LLLL and Bs_)cl)lullul
= ~4s effect
>3s effect P ]
C 2 _ . - L reliminar -

2 :_2 A ;q;i:’m”u“ 1 % 121- ‘ Y SM (LCSR+Lattice)

035 = Bellel5 ] 2 10 = S"M (LCSIR)

B ;. 3o..- 1 | C SM (Latlice)
N LHCbIg 3 ] = C =
B Z S 7 — B : =
2. { ~ N0 e Heb22 ] . :ttl_'cb Thy W(28) ]
L i \\J ] g 6 L. —
B D) ] _ col —— ]
E— Bellor7 = Average E +:1 - . e
B . R(D) = 0.358 + 0.025 + 0.012 1 =" 2 r -
0.2 = $HFLAV SM Prediction 111 R(D*) = 0.285+0.010 +0.008 —] C n
SERCRE N ] N T R S

P N e I T Rl 0 5 10 15

.2 4 E Fs 2 1 204
0.2 0.3 0.4 0.5 - _ﬁg q° |GeV/c")

W mass from CDF vs SM prediction
A ATLAS and LEP data do not support such a high value. /s effect
A More measurements (e.g. from CMS, LHCD)
are essential to resolve the tension A T i

ATLAS (2017)

LEP (2006)

PDG Avg (pre-CDF) (2021)

My |epp = 80,433.5 £ 6.4¢a £+ 6.95ps = 80,433.5 + 9.4 MeV

D@ (2009)

CDF 11 (2022)
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QOutstan

Nucl
1st row of CKM Matrix

[Vea P + [V |7 + [Vub |7 = 0.9969 + 0.0024.

Tension in neutron lifetime (beam vs
bottle)

0226,

Bottle experiments: trap ultracold

Kl neutrons and measure the total number 4s effect
Telial q
0225 : over time (~879 seconds)
905-
_ 3
- Beam experiments: count decay ™ Prosent
z t products (e.g. protons) in a cold neutror$ s |
! beam (~888 seconds) E
0223 <2 effect 3 |
1 ; 885 ‘
- 2 : ’ 2
Kil® _— %, %@ Bottle method + [ ;¢
: 3 ' ¢

.97

875
1980 1985 2000 2005 2010 2015 2020

[Vial o
Publication year

b-decay spectrum &Endpoint Fierz Interference Term (non purely V-A

é 1.0 entire spectrum '; region close to endpoint R e == "
s & 5 =
g /08 0.05¢ 0 — 800 keV Rate: ]
308 : .—004:— EH 6 +0.008) Hz E
8 e m(ve) =0 eV = ; itd 1
g o6 3 S L ]
® & oo g 1] g
only 2 x 10713 of ‘,\] B ]

decays in last 1 eV " ol

interval

< i)

©

@

! ] ] ]

2 6 10
Electron-energy E [keV]

14 18

T R TI IR T RV
600 800 1000 1200

East -Scintillator Energy [keV]

E-EqleV]

KATRIN experiment near the endpoint for tritium decay UCNA collaboration: beta-decay-spectrum-of-free-

neutrons-below-150-kev Courtesy A. Crivellin



New particles Scalar Portal searches:

& forces

°h  with hY mm

Some BR sensitivity curves

* ctau=0mm

® ctau-20mm
au=40mm
au=100mm
* ctau=150mm

A33833

h—ptp

e+e- Invariant mass  (MeV]

50 100 150 200 250 300 350 400 250 260 270 280 290 300 310 320 330 390 350 360 370 380 390 400

-+

w107

40T
18T
16T

T
EX Lo
28T
26T
24T
22T
20T
LaT
L&T
LaT

04
02T

L2+
1.n-—+__ -

[ Ehg - —
[ XS

04

e e

it h = gty

* chau=20mm
= ctau=40mm
& ctaus=100mm
* ctau=150mm

=

s n ; ' '
300 310 320 330 30 = 360 7o 380 390 400

pi+pi Invariant mass  Mel/]

mu+mu- Invariant mass  [MeV]

Sensitivity for Two -Higgs doublet model

Sensitivity curve for Hadrophilic Mediator model

g_u vs M(H)

2271
20T
18t
L6T
Lat+

.l Sensitivity to g, for the process
1e7 n—=7a'hand h - 777~

.81
0.61T
0.4+

} 1 + + t t } + e + }
300 310 320 330 340 350 360 3ro 380 390 400
oi+pi- Invariant mass [MeV]

TABLE XXV. Sensitivity to (A, — Ag)? for the process n — 7°S and § — ete™ and § — ptp~.

Process mg Analysis (A = Ag)?
sensitivity

n—a08; S —ete” |17 MéV| bump hunt |[2.0 x 10-13
7= 708 ; 8§ = ptpu~ |17 MeV |detached vertex||3.2 x 10~13

Theoretical models considered
Hadrophilic Scalar Mediator (B.Batell A. Freitas, A.

Ismail, D.McKeer)

Spontaneous Flavor Violation (D.EganaUgrinovic, S.

Homiller, P. Meade)

Two-Higgs doublet model (W. Abdallah, R. Gandhi,

and S. Roy)

Minimal scalar model (C.P. Burgess, MPospeloyT.

ter Veldhuis)

REDTQ
-




e scalar Portal: 6 pPpra & B prpar
with a Y gg mm and e e

Some BR sensitivity curves

BR

EDTOR-

'l

17 MeV piophobic QCD axion

B Anbepon inw e

.
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- B n — 1'7% with a — eTe
o z o
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20 " i
e - 1
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.o 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320

gamma-gamma Invariant mass [MeV]

e+e- Invariant mass  [MeV]

Theoretical models considered

S Piophobic QCD axion model (D. S.
M. Alves)

Below KLOE sensitivity

the CELSIUS/WASA Collaboration
observed 2dvtswith SM expectation of
10

S Heavy Axion Effective Theories

3U



New particles

& forces

Neutral Lepton Portal: ¢ Y ufH ;
Y 2-2:N2Y Niho;hoY eeN

Model considered for Snowmass
plet model (W. Abdallah, R. Gandhi, and S. Roy) with the following benchmark

my, m, M, yé'('”)xl()d‘ yi’('mxll)"
85 MeV | 130 MeV |10 GeV | 0.23(1.6) | 2.29(15.9)
My myg sind yf;;(H)XIOB )\';1\;1(2H)><10:j
17MeV (250 MeV| 0.1 | 1.25(12.4) |74.6(—7.5)

TABLE XXVIII. Benchmark parameters for REDTODP.

REDTOP sensitivity to model parameters

5.%1077

2.x1077

-
o
=
(=]
]
-

BR(n-1t"H H- VN, N, Ny i et e)

2.x10712 4.x107"2 6.x10712 8.x107"2 1.x107"

(Au_Adlz

FIG. 61. Branching ratio for the process n — n°H ; H — vNa ; N2 — N1k’ ; b’ — e*e™ predicted by
the Two Higgs Doublet model [51] as a function of (A, — A4)?. The dashed line corresponds to the
experimental limit for REDTOP with an integrated luminosity of 3.3x10'® POT.




Test of discrete

symmetries lation from Dalitz plot mirror 'RVDTO
ymmetry in A - Sp @

om this process not bounded by EDM as is the case forfhet dprocess.

e ntary to EDM searches even in the case of T and P oddbservables, since
Or structure of the eta is different from the nucleus

t PDG limits consistent with no asymmetry

New model in GenieHad (collaboration with S. Gardner & J. Shi ) based on
https://arxiv.org/abs/1903.11617

REDTOP sensitivity to model parameters

#Rec. Events Re(a) | Im(e) | Re(f) | Im(8)
10° (no-bkg) 33 107137 % 107 {44 x 1074 5.6 x 107

Ful stat. (no-bkg) 1.9 x 107221 x 107225 x 10|32 x 10
Full stat. (100%-bkg) (2.3 x 1074(3.0 x 1072[3.5 x 10|45 x 10°

Eooo o
17082060402 0 02 040608 1

bkgd subtracted events, figure from KLOE-2, JHEP 2016 X

[ Physics analysis by A. Kupsc d Uni-Uppsala ]

University of

Slide Credit: Susan Gardner & Jun Shi % Kentucky.
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Test of discrete
symmetries

REDTQ
lon from the asymmetry of the decay .{

and leptons decay planes

) a )
CP violation is related to asymmetries in CP violation is related to asymmetries in
h - >mere h - ppee
At = i or =0 N (i e 6 =0
s _ Neme > 0)— N <) A, = N(sin¢gcos¢ > 0) — N(singcos ¢ < 0)
N(sin¢ > 0) + N(sin¢ < 0)

N(singcos¢ > 0)+ N(singcos¢p < 0)
through Wilson coefficients

A peoss = Im[1.965222 — 13(cf1M + ¢1122)] % 1075 — 0.2¢; + 0.0003¢;

J \_ v
Sete
.’
Measured asymmetry Meas.red asymm
i [ h - >meare }“ ] [ h - ppete ]
0.050 050 ot
[T g
0,085 .05+ vt
0 et
noart
035 L
om0 st /
wons
oz nesst
020 3
10° sensitivity to and
010
Acostsint Asinf
0,005 oo’
0,000+ 0,000 "““
oot
-0.005 1 0,005 vt}
A8051
<001 0,01
0.000 0.005 0.010 0.015 0,020 0.025 0.030 0.035 0.040 0.000 0.005 0.010 0.015 0.020 0.025 0.030 0.035 0.040 Dot
Genarated sinfphi) *cos(phi) asymmetry Generated sinfphi) asymmetry

0000 0002 0.000 0,06 008 B010 0012 0010 0016 G016 010 0422 0020 06 002 L0 003 O.0M 106 0.3 0,040
Gererated asymmetry

C. Gatto- INFN & NIU wo



CP-violation from
m folarization

FIG. 11. Kinematics of the process. The decaying muons’ momenta in the 7 rest frame are noted
as p,+, while the e momenta, pis, is shown in the corresponding pt reference frame along with
the momenta of the v system. The 2 axis is chosen along p,+.

introduced two different muon’s polarization asymmetries,

Ncosd > 0) — N(cosd < 0) (1)2211

Ap= ~ =T[4 1cEE — 27 (cpq,  + Chagg)] X 1072, (47)
N(sin® >0) — N(sin® <0 .
4, =M LM ) tmfp5e282 — 16(e2 4 D] < 107, (a8)
REDTOP sensitivity to  CP violating Wilson coeffiecients ~ violating
O
e N
Process | Trigger| Trigger| Trigger| Reconstruction Total Branching ratio
LO L1 L2 + analysis sensitivity
n—ptp| 66.3% | 163% | 51.9% | 69.6% 3.9% |27 x 10~° £3.0 x 1040
Urgmd | 21.7% | 1.7% | 22.2% | 8.6 x 1073% |[7.0 x 10-6% -

Alcg22)=0.1x 107", Aegir) =01, (A7) =6.6 x 1072,



35,000
34,000

I LA

Process POT  |[Signal events|Background events 733 Statistical err LHCb @ 4.2%
N\ P ~.with 1640 evts )
n—yete 138 x 10" Y13 x 10° 252x 100 [1.3x A0 0.09% -
=y pt 138 x 10| J8a < 10° 65x10°  [35x Y 0.14% /
-

TABLE XLII. Statistical error from the fit of n — « lepton — antilepton and Urgmd
background using a gaussian and a 5Sth-order polynomial, for 1.38x10'¥ POT

LHCb @ 1.8%
with 3850 evts

[h\"( mm ™Tm e.emm e+,ere+erJ

C Theoretical calculations at the3frecision from Kampf, Novotny, SancHeaertas (PR D 97, 056010 (2018))

_.:-: REDTOP reconstruction efficiency

n — ete ete” : |?;.' — e"‘e‘,u,"‘,u—{
Process Trigger| Trigger| Trigger| Reconstruction | Analysis Total Lo vy "
| Lo| oL ol D -
1= eteete |961% | 80.7% | 155% | 63.3% 61.2% 45% ) K
1= eteptp | 80.4% | 57.0% | 204% 16.6% 52.8% 0.8% ol [
W= p e | 45.1% | 319% | 25.5% 61.3% 10.5% 0.9% s f
Urqud 207% | 17% | 22.2% 0.9 - 82 x 10-%[17.6%-30.7%[07 - 6.7 x 1077%| f

REDTOP statistical error for various POT

Process POT |Signal events||Statistical error ‘ n
- N
n— ete—etef 4.4 x 10T \53,934/ 0.5%

n—etept b [L6x 107 N8 841 0.8%
n— ptp TN 2.2 x 1018 /10,548 \. 1.0%




CP-violation from

m folarization
S

CP Violation in h-“m gm

C  From model: P. Sanch€aertas, JHEP 01, 031 (2019), 1810.13228.

C Requires the measurement ofrm polarization to form the following asymmetries

FIG. 11. Kinematics of the process. The decaying muons’ momenta in the 5 rest frame are noted
as p,+, while the e* momenta, p., is shown in the corresponding p* reference frame along with
the momenta of the vz system. The 2 axis is chosen along p,,+.

introduced two different muon’s polarization asymmetries,

+

AT — 0.19(6) Tm e )2

reo — 0.19(6) Tm 727 — 0.020(9) Im ¢33

AT = 0.07(2) Im f2 1 0.07(2) Im 23]+ 7(3) x 107% Im 2222

REDTOP sensitivity to Wilson CP violating Wilson coeffiecients

Trigger| Trigger| Trigger| Reconstruction Total Branching ratio
Lo L1 L2 + analysis sensitivity

80.6% | 64.6% | 94.3% 92.9% 45.6% 1.93 x 1072 £ 0.9 x 1011

21.7% | 1.7% | 22.2% | 4.7 x 1073% ||4.7 x 107%




CP-violation from
m folarization

REDTQ

CP Violation in hemtm p y
From model: R. Escribano, et. al., JHEP 05 (2022) 147.

C Requires the measurement ofm polarization to form the following
asymmetries

FIG. 11. Kinematics of the process. The decaying muons’ momenta in the 5 rest frame are noted
as p,+, while the e* momenta, p., is shown in the corresponding p* reference frame along with
the momenta of the vz system. The 2 axis is chosen along p,,+.

introduced two different muon’s polarization asymmetries,

+

AT — 0.19(6) Tm e )2

reo — 0.19(6) Tm 727 — 0.020(9) Im ¢33

AT~ 0,07(2) Im DM 4 0.07(2) Im 2251+ 7(3) x 1073 Im 3222

* fequ

REDTOP sensitivity to Wilson CP violating Wilson coeffiecients

Trigger| Trigger Reconstruction Branching ratio
Lo L1 + analysis sensitivity

64.1% | 36.7% 73.2% 15.7%  |94x107%+1.3x 10710
21.7% | 1.7% 1.6 x 1072% |[[1.3x 10-5%

Alcpi2) =21, A(gl2) =21, A(cF22) = 200.
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Target Systems -

« »

Target for p and p" beams 10x Target for p beams LH2 ( pellets
0.78 mm Li or Be foill or fluid)

i For p and p* beams I For p- beams only

i Inexpensive, but more background I More expensive, but less background

i Untagged/semi-tagged h / 6production i Taggedh /6production: p- pY h/ &n



Vertex Detector

MuPix10 (Mu3e vtx technology)

=

REDTOE-

<0.3% X0

Requirements

<=70mn vertex resolution in .
No activecooling (He cooling)

Radhard ~5x10 1 MeV-negn/cm2/sec

Timing: ~8 nsec(with timing corrections)

04/21/2026

Requirements MuPixT MuPIxs MuPix10
pixel size [JJI]J:] S = =0 103 = S0 1 x B S B
sensor size [mm®] 20 % 23 38 x4.1 10.7 = 19.5 20,66 » 23.18
active area .r|||||2J 20 = 20 s TR T 103 = 10 20,458 = 20000
active area [mm®| 400 10.6 166 110
sensor thinned to thickness [pm] a0 50, 63, 75 63, 100 50, 100
LVDS links 3+ 1 1 3+1 3+1
maximum bandwidth? [Ghit/s] 3x 16 1 x 1.6 Ix 16 3= 1.6
timestamp clock [MHz| = 5l 62.5 125 625
RMS of spatial resolution :]nrll s = 4l < ) s 11
power consumption .r||"|."|.'_.-"r'|nj. < 350 = 300t 250 — 300 == 200
time resolution per pixel [ns| < 20 = 14 = 134 (6%) not meas.t
efficiency at 20 Hz/pix noise |% = 949 9949 4949.49 04,49
noise rate at 99 % elliciency _”?:_."'[:ixj = 20 = 1 =] < ]

ESS STAP Meeting 39




REDTOE-

LGAD Tracker y

EExUEUDOOWOI uMte 2% 2-(5T1$ 3 +

i1$#3. / wyYUuw"
area

I use pixel upgrade for the
mechanics

i 5-layer barrel
i 4-layer endcaps
I SID layout

04/21/2026

Requirements
<1% XO
30 psediming resolution.
No active cooling
Radhard ~1x10 1 MeV-negn/cm2/sec

= Demonstrated time resolution ~30 ps up to 1x10** n.,/cm?, and about 40 psec

L 2zwS$ 3+ 0 wlWAd k Gl ¢

AAAAA

ESS STAP Meeting

CMS-designed 96-channel sensors

T

FBK wafer with CMS- and ATLAS- sensors

40




hreshold Cerenkov- TOF =

Requirements

99% efficiency
Radhard <1x161 m2/sec
Timing resolutign: <5@sedlayer

Option 1: Small tiles of JGS1 & on-tile SiPM S / —rm
i Different options: #layers and tile size " Time resolution:73/G 2 | o ute
i 2PDOPOEUwWUI ET OOOOT Pl Uow" , 27 psec £

tile detector (scint. plastics)
i Well established TOFHIR2 Asic (LIP)

endrings

Option 2: LGAD
i 1$#3./ wYUw", 2zU0w$ 3+ 0wk vt wE
i Extra cost justified by position measurement, but

loose energy measurement A

photomultiplier

04/21/2026 ESS STAP Meeting 41
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CALORIMETERS -

Requirements
SE/E~2t UYES

~80psemell tintng resolution achievetbr MIPs.
epteniladron separation >99%adhard~5x10 1

MeV—neq n/cré/sec

AN TR 44‘

.“ ‘1 “ H H ’
’I lv

Cerenkov tile
EM: dual-readout ADRIANO2 FEE from S. Los

i Inner section: Pb-glass and scint. Tiles interleaved
i 10layerst 6.6 X0 /0.55
i 120,00 tilepairs
i 2EOI wxOEUUPEwWUPOIl UwEUW" , 2z w' &"
i FEE from Weeroc+Omega (costing being discussed) or
TOFPET2

HAD: triple -readout ADRIANO3
T Outer section: Ph-glass + scint. + thin RPC + Fe
| 25 layerst 22 X0/2.71
T Longer | | for better hadron shower containement

i 390,00 tilepairs Gd-doped glass RPC Scintillation tile

T Heatsink: pyrolitic foil
04/21/2026 ESS STAP Meeting 42



REDTOP Trigger Requirement -
Untagged 13+4A /6h me s on s

Hits from subdetectors

digiADRIANOsci digiADRIANOcer

350T
300T
2501
2001
50T
100T
50T
0
50 100
750
700
650
600
550
500
450
400
350
300
250
200
150
1lo0
50
[} y
20 40 60

Total channel
occupancy:
270+ 50 /evt

15!

18X 80 100 léO 1&0 1(‘50 lé
LHCb Trigger rejection factors
gger | Input event rate | Event size | Input data rate | Event rejection
sta Hz bytes bytes/s
—— —
Level 0 7.x10° )} 1.4x10°| 9.8 x 10" ~A4.6
(
Level 1| T3x10% |15x10%| 2.3 x 10 ~60
Level 2|  25x10° |1.5x10° | 3.8 x 10° ~A.5 3 e
Storage| 0.56 x 10° | 1.6x10* | 0.9 x 10°




REDTOP OSG Yearly Usage o
Statistics =

total ! =
_surTs 9 Wil Time range: Feb 20201 Feb 2021
MWT2 ATLAS UC 2 Mil Total Core Hours: 13.8 million
GLOW 303 K 5 & I
BT ok Total jobs: 7.15 million
== FSU_HMPGRID 267 K
= BML ATLAS Tierl 264 K
== LIConn-05G 290K
= UConn-HPC 178K Core Hours By Facility
== lIColorado_HEP 174 K 2 50 M
= QU ATLAS 173 K
== A5l Research Computing 163 K _
= Mebraska-Omaha 75K 2l — - —
- |CC-SLATE-HTC a9 K

== New Mexico State Discovery 61 K 1.50 Mil
- MWICG_MDCMS A7 K

== Clemson-Palmetto 41 K 1 Mil
AMNH 40K
B
UPRM_HEF 34K 00K
FermifGrid 34K - -— —
cinvestay 3K
D = I

202002 202003 2020-04 202005 2020-06 202007 2020-08 202009 2020-10 2020-11 202012 202101 2021-02




REDTOP
detector
In AP50

J. Kilmer
J. Rauch

(Many thanks to K. Krempetz, as well)



Cerenkov TOF in T1604

Test beam with 3x3x1 cn¥ JS1 tiles with UV coating
. $1416065060 Sipm

. Porka FEE and Sampic TDC digitizer

Slide from

Calor2022

SiPM footprints
on both s B

= S13360-2050
* S13360-3050
* S13360-6050
+ 0.100” socket

Board 26 x 40 mm?*

ok stop — Ry
L] 0.050” pitch
thermal 10-contact connector
break LV/BV/RTD/Peltier
|

Bandwidth 0.05-1500 MHz
Input impedance 50 ohm
Maximum output signal -2V
Output noise 200 uV rms.
[ o Dot 16mA@ 6V v
wfs0.z0% 11281 5
James Freeman, Sergey Los / Fermilab ~ Oct. 13, 2020 -
-
Meamre fitec Time distance between - and Measure Jitter Time distance between - [cHs[™] ana [cHiol>]
ON oN
Mean (ns) RMS (ps)  FWHM (ps) Mean (ns)  Sigma(ps)  FWHM (ps) Mean (ns)  RMS (ps) FWHM (ps) Mean (ns)  Sigma (ps)  FWHM (ps)
0.102 46156 19312 After gaussian fit: 0.112 8296 19579 0141 11761 171.54 After gaussian fit: 0133 781
szl Nb of bins inTime Histo 3 Auto 7 On/Off Nb of bins inTime Histo 3] | 1000 Auto [F On/Off
Nb Of Entries 73562 Nb Of Entries ||
Al-sputt quartz Tome Offersnce dsribution Time cfference distrbution
1357 -
56— 1304
562 125
539~ = BaSO4 quartz
515- 114
492- c 1
a68- 1044~
445~ 992-
S 122~ E 939-
£ 8a7-
2 338~ 2
2 - 5 835
é‘ 351- 2 Z_,af-
- 731+
2 301 g o
@ 281- 2 ggf'
il -
- 5 s2-
o 234~ S
2 an- E ,70_
= 187- = 412
" - S0l
1 313+
261~
205~
157 -
104
52—
- 0-
! " " ' r v v D . D d 0.9%9
599 0800 0600 0400 0200 0000 0200 0400 0600 0800 0999 . . G
Time dference () Time resolution:73/6 2 psec
X Axis Scale || [ Ao X =100 XMax 71000 s

MiniCircuits
GALI -S66+
amplifier

Peltier
connecting
contacts

Gain

x12




Vertex Detector R&D

Option 1: LHCb -stile Fiber Tracker
. Established and simple technology ¢ no R&D required

~ Active surface is about 0.24 n? vs 360 n? for LHCb
- Readout channels is about 18,000 vs 590k for LHCB
. Cheap, but no z-measurement nor TOF

Option 2: ALICE -stile ITS3

. curved wafer -scale ultra-thin silicon sensors

_arranged in perfectly cylindrical layers pions

. unprecedented low material budget of 0.05% X0 per layer
. Will be the standard of most new generation

lower -energy trackers

Organization
. REDTOP groups will join existing EIC consortia

128 modules (0.5 x 5 m?2)
arranged in 3 stations x 4 layers
(XUVX)

1 module = 8 fibre mats

fibre mat
24 m

-

; NN TSSOSO

4 silicon photomultipliers (SiPM)

mirror

32.59 mm

1 SiPM = 128 channels

detection layers




Muon Polarimeter R&D

Option 1: TREK-style active polarimeter
. To be inserted between the EM and Hadronic sections of ADRIANO2

. High efficiency, but requires a separate detector
J T 01T POwWiUOOw1o6#whbOws1 !l Kt w" OOOEEOUEUDOC

u+ stopper/chamber

y = T R

T L coil i

Option 2: Implement special layers in ADRIANO2
. Lead-glass or quartz are OK since the do not change the muon polarization
. Requires higher granularity to reconstruct the electron direction

. Two possible solutions:
. Silicon pixel/strips layers between lead glass tiles
. Smaller lead-glass or quartz tiles

Organization
. Simulation needed to select baseline option.



Storage & CPU

Expected data rates from the experiment

About 500 kHz to be stored on tape
~0.9 GB/sec from L2

~6 PB/year to tape (assume 1.6 kb event size)

Data from DAQ and Montecarlo
Data from experiment: ~6 PB/year to tape

Processed data (reco, calib. Analysis, etc) : ~1.0 PB/year (tape and disk)
Montecarlo (~10 events): ~0.5 PB/run (tape and disk)
Total: 7.5 PBlyear

CPU for Reconstruction Analysis and Montecarlo
55 million core-hours for Monte Carlo jobs
35 million core-hours for data reconstruction jobs
Total: ~ 90 million core-hours /year

(estimate by projecting current OSG usage)




Beam Options at ESS

Pion beams with modified Longhin Magnetw

With input fro Ao Liu H orm
PhD thesis -, o

IA 1.3 GeV proton beam hitting a
tungsten target has a 2% probability of
generating a pion in the right energy

4-sections i | T to

Entrance ‘
d parabolic hom ) B O\

into a paraIIeI béarmm- ~7% |\
probability of hitting a 2 5x2.5 cm”2 spot R4 &8 & 000 I —— ¢

9 meter downstream (with just 3 quads L I
for focusing). In summary, REDTOP

would use less than 2% of a2 MW

proton beam.

Beam intensity
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ADRIANOZ2 at FTBF

Three test beam completed

Tiles organized in triplet of three sizes

Final test beam planned for Winter
2024

3 Final test beam with 64 channels and
ASIC DAQ : CAEN 5500 with petiroc-2

(University of Kansas)



ion flux with MARS15 ~ -™

Beam dump: dia-30 x 80 cm Al + 15 cm HDPE +5% B + 10 cm Barite



