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Rationale for an n/n’ Factory w

Recent LHC results suggest that the next search for New Physics should be in the MeV-
GeV mass range with high-intensity beams.

“...many of the more severe astrophysical and cosmological constraints that apply to
lighter states are weakened or eliminated, while those from high energy colliders
are often inapplicable” (B. Batell , M. Pospelov, A. Ritz - 2009).

“...Light dark matter must be neutral under SM charges, otherwise it would have been
discovered at previous colliders...” [G. Krnjaic RF6 Kickoff Meeting, August 12, 2020]

The only known particles with all-zero quantum numbers are the n/n” mesons and the
Higgs boson

All electromagnetic and strong decays of the neutral and long-lived n and " are
suppressed at first order and weak decays have branching ratios of order 10-%.
Branching Ratio of processes from New Physics are enhanced compared to SM.

“....The physics sectors which can be probed at REDTOP range from the violation of discrete
symmetries to the search for mnew  particles...” [S. Tulin et al
https:/ /arxiv.org/abs/2007.00664] ]

5/18/2022 Rare Frontier Meeting - C. Gatto - INFN & NIU 2



Detecting BSM Physics with REDTOP (n/n’ factory) jforog

Assuming a yield ~10 n mesons/yr and ~10"'n’ mesons/yr

o L (e s lstar New particles and forces searches
CP Violation via Dalitz plot mirror asymmetry: n — 7° w'm Scalar meson searches (charged channel): n —» n°H with H-e'e
CP Violation (Type I — P and T odd , C even): n—>4n° — 8y A

Dark photon searches: n — yA" with A" — ¢¢

CP Violation (Type I - C and T odd , P even): n — n° ¢¢ and n — 3y
Protophobic fifth force searches : n — yX,, with X, » n'n

Test of CP invariance via p longitudinal polarization: n — p'u - ' '
QCD axion searches : n — nra,, with a,, — e‘e
CP inv. via y* polarization studies:n — w'ne‘e- & n— w'w wu- ) ) )

New leptophobic baryonic force searches : n — yB with B— e*e” or
CP invariance in angular correlation studies:n — p'y-e‘e - B- yn°

CP invariance in u polar. in studies: n — n° p'u Indirect searches for dark photons new gauge bosons and leptoquark:
. . o n— pwand n - ee

T invar. via u transverse polarization: n — mu'u-and n — yuu- .
Search for true muonium: n — y(u'u-)l,, — yete-
CPT violation: p polar.in n — m'uwvvs n— wu'v and y polar. in n g
Lepton Universality

Other discrete symmetry violations n— o H with Hs vN, N, WN__ ' —s ot
Other Precision Physics measurements

Lepton Flavor Violation: n — p'e=+ c.c.

Radiative Lepton Flavor Violation: n — y(u'e~+c.c. Proton radius anomaly: n - yu'u-vs n— ye'e
Double lepton Flavor Violation: 1 — p'yre e” +c.c. All unseen leptonic decay mode of n/ n ' (SM predicts 10° -10-)
, ' . . . . . .
Non-n/n’ based BSM Physics High precision studies on medium energy physics
Dark photon and ALP searches in Drell-Yan processes: qqbar — Nuclear models
Al =it Chiral perturbation theory
ALP’s searches in Primakoff processes: p Z —» p Z a — I'l” (F. Non-perturbative QCD
Kahlhoefer)
. Isospin breaking due to the u-d quark mass difference
Charged pion and kaon decays: m+ —» u'v A" - p've'e and K+ —
wvA - rvee Octet-singlet mixing angle
Neutral pion decay: n° — yA’ — ye'e Electromagnetic transition form-factors (important input for g-2)
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Detecting BSM Physics with REDTOP (n/n”" factory) _w

Assuming a yield ~10 n mesons/yr and ~10"'n’ mesons/yr

C, T, CP-violation

CP Violation via Dalitz plot mirror asymmetry: n — n° n'm

New particles and forces searches

Scalar meson searches (charged channel): n —» n°H with H-e'e

aud FH ey ity
1228272 9 8

CP Violation (Fype I — P and T odd , C even): n—>4n° — 8y

CP Violapion (Type Il - C and T odd , P even): n — n°¢¢ and n — 3y
Test of CP invariance via p longitudinal polarization: n — p'u -
CP inv.|via y* polarization studies:n - n'wre'e- & n— w'w -

CP invqriance in angular correlation studies:n — p'y-e‘e -

CP invariancea:ﬁ W St 1dieS: Lnao b Hé Tt ﬁi’ft'ct setgeTrﬁot ew'fhnd lepfoquark:
L
T invar| via y M-8 M|, datioexp h r’;me 7 e gﬂ ’

Dark photon searches: n — yA" with A" — ¢¢
Protophobic fifth force searches : n — yX,, with X, » n'n

QCD axion searches : n — nra,, with a,, — e‘e

+
=

New leptophobic baryonic force searches : n — yB with B— ¢*e- or

B— ym°

Searcl: for true muonium: n =@ qru-)l,, — yee-
o7

Leptoy Flavor Violation: n — p'e~+c.c.

Radiafive Lepton Flavor Violation: n — y(u"

CPT viglation: u po% sPn - Tuv and
77
Otherwiscreve symietry vrol
B S M I Otlger Precision Physics measureme
-C. pQ[ .a.'”;,_sj:n—wwyvs n—yee

tOTo

olar. inM) 4 ||® _
n—mhH whyn H > VN N — N - pt o
} T L VAN NT—H g

nts

Doub

e lepton Flavor Violation: n — e e~ +c.c.

All unseen leptonic decay mode of n/ n ‘ (SM predicts 106 -1(-°)

Non-n/n’ based BSM Physics

Dark
A’la

hoton and ALP searches in Drell-Yan processes: qqbar —
I'-

ALP’s senxches in Primakoff processes: p Z — p Z a — I'lI-

(F.

High precision studies on medium energy physics

Nuclear models

Chiral perturbation theory
Non-perturbative QCD

Kahlhoefer)

Charged pion and kaon decays: m+ —» u'v A" - p've'e and K+ —
wvA - uvee

Neutral pion decay: n° — yA" — ye'e

Isospin breaking due to the u-d quark mass difference
Octet-singlet mixing angle

Electromagnetic transition form-factors (important input for g-2)
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Sensitivity Studies on BSM Physics .#

REDTOP physics case presented in a 172-pp White Paper
Sensitivity studies based on ~10™ n mesons, include:

€ Four BSM portals
@ Three CP violating processes requiring no p-polarization measurement
@ Three CP violating processes requiring p-polarization measurement
€ Two lepton universality studies
€ Two LFV studies

(Almost) full simulation using GenieHad + slic + Icsim (heavily modified for REDTOP)

with 5x10" generated background event (>4x10” CPU core-hrs on the OSG and
NICADD)

Assumptions for the the case study:
— 1.8 GeV proton beam on 7.7 mm Li target with 3.3x10% POT (~ 3-yr run @ 30 W)

— Three level trigger

5/18/2_022 Baseline detector Conflgglre ron erﬁé[ee mlga ter Ga ot}[ﬂﬁ\@z%[).! 5



New particles
& forces

REDT:

Vector Portal: n— yA with A’- I'l- or s .

& ot au=-20mm = & ot au=-20mm
= (tau=40mm B lau=30mm wioe T

1 s rihpin-comad | ISR Prompt B decay

297

’ A= ete i
whe i 10 ! - 28t + ==
A Al = putp~ B = atn

o8
or
i § L i § " i i i i i L P L&
o S0 100 1%0 200 50 300 g ] 400 A%0 SO0 %50 300 E 2] 400 A5n S0 oS b i . i b v ' + f
#+8- Irvaniant mass  Mel] PP+ Irvariant mass  [Mel'] r Bt e S N o i PR T R

pi+pi- [rvariant mass  [Mel]

Theoretical Models considered
1 Minimal dark photon model

* Most popular model

1 Leptophobic B boson Model

“S— ' i -1 Protophobic Fifth Force

10! 1w’

A Mass (GeV) A Mess (GeV)

* Explains the Atomki anomaly

FIG. 36. Sensitivity to to £2 for the processes 5 — A’ for integrated beam flux of 3.3 x 10'8 POT.
Left plot: bump-hunt analysis. Right plot: detached-verter analysis).
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Neévfp;?g[elzles Scalar Portal searches: n— nw° H w
: with H- u'u, ' n Al o
— Some BR sensitivity curves
wl h o wtae
P! h— ptu— e
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Sensitivity for Two-Higgs doublet model

Sensitivity curve for Hadrophilic Mediator model Process ms Analysis || (Au = Ag)?

sensitivity

n—=m'S; S = ete” |17 MeéV| bump hunt ||2.0 x 10-13
=78 ; § = ptp~ |17 MeV |detached vertex||3.2 x 1013

TABLE XXV. Sensitivity to (A, — A¢)? for the process n — 795 and § — eTe™ and S — pTp~.

Models considered

d Hadrophilic Scalar Mediator (B. Batell, A. Freitas, A.
Ismail, D. McKeen)
Sensitivity to g, for the process 0

n— 7h and h — - Spontaneous Flavor Violation (D.Egana-Ugrinovic,

S. Homiller, P. Meade)

Q Two-Higgs doublet model (W. Abdallah, R. Gandhi,
and S. Roy)

0 310 30 330 340 30 360 370 380 390 400 ..
oi+pi- Invariant mass  [Me\/] a Minimal scalar model (C.P. Burgess, M. Pospelov, T.

ter Veldhuis)
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New particles

Walesl  Pseudoscalar Portal: — mm°a & n— ' ma pi

® ctau=20mm
= ctau=40mm
4 ctau=100mm
¢ ctau=150mm

n — 77% with a — eTe™

SEHEREE MBI E R EREE T

n — wtw"a with a — v

. 4 : ; N N . 4 s :
20 40 60 80 100 120 140 160 180 200 220 240
gamma-gamma Imnvariant mass  [MeV]

; N N : ' N : "
20 40 60 B0 100 120 140 160 180 200 220 240
e+e- Invariant mass  [Me\W]

oEEEHEHRE

Models considered

Fom Piophobic QCD axion model (D.S.

T M. Alves )

i * Below KLOE sensitivity

£ +  the CELSIUS/WASA

E . ) Collaboration observed 24 evts
' with SM expectation of 10

-l Heavy Axion Effective Theories




New particles

& forces Heavy Neutral Lepton Portal: n — n°H ;
H- VNz,’ N, - N1ho; hy — e'e”
Model considered for Snowmass

Q Two-Higgs doublet model (W. Abdallah, R. Gandhi, and S. Roy) with the following benchmark
parameters:

REDT:

‘l

My, MmN, | TN, y“;‘('”)xlo‘1 yé"('#)x104
85 MeV|130 MeV|10 GeV| 0.23(1.6) |2.29(15.9)
mpy mgy sind yf;;(H)XmB )\f;\,'l(f)><1()‘3
17MeV|250MeV | 0.1 [1.25(12.4) |74.6(—7.5)

TABLE XXVIIIL. Benchmark parameters for REDTOP.

REDTOP sensitivity to model parameters

BR(n->1"H H- N, N, Ny i hrseter)

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

(/‘-u_;\d)z

FIG. 61. Branching ratio for the process n — n°H ; H — vN2 ; N2 — Nih' ; b’ — e*e™ predicted by
the Two Higgs Doublet model [51] as a function of (A, — Ay)?. The dashed line corresponds to the
experimental limit for REDTOP with an integrated luminosity of 3.3x10® POT.




CP Violation from Dalitz plot mirror -
asymmetry in n—> n'w n°

-1 CP-violation from this process is not bounded by EDM as is the case for the n—4m process.

d  Complementary to EDM searches even in the case of T and P odd observables, since
the flavor structure of the eta is different from the nucleus

) Current PDG limits consistent with no asymmetry

- New model in GenieHad (collaboration with S. Gardner & ]. Shi ) based on

REDTOP sensitivity to model parameters

#Rec. Bvents Re(o) | Im(a) | Re(d) | Im(p)
10° (no-bkg) 33x 10737 x 107 |44 x 107456 x 107*

Full stat. (no-bkg) (1.9 x 1072|121 x 107425 x 10~°|32x 107
Full stat. (100%-bkg)|2.3 x 10723.0 x 10723.5x 10~°|4.5 x 107

0

Eoowlooplaal on P e g dinaa lip
1080620402 0 02040608 1

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

University of

Slide Credit: Susan Gardner & Jun Shi % Kentucky.
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https://arxiv.org/abs/1903.11617

Test of discrete

fyetr‘es P Violation from the asymmetry of the decay ,,W
r planes in —> w'we'e

1 From model: Dao-Neng Guao, /hep-ph/0202002
O Regquires the measurement of angle between pions and leptons decay planes
( CP violation is proportional to: \
A= N(s%ngécasd) >0) — N(s%nqbcosgé < 0)
N(sin¢cos¢ > 0) + N(sin¢pcos ¢ < 0)
L v

103
sensitivity to
Ay

LaaT

A8 - 4 ;
0000 0.0 0004 LG .08 0010 0.012 LHA 0016 S.018 %020 0622 0.004 SI26 0026 0030 0.032 Q34 0036 0.038 0040
Generated asymmetry
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Test of discrete
symmetries

o C

1073
sensitivity to
and Acos¢sin¢

Asinq)

5/18/2022

Measured asymmetry
0.05571

0, 050

0.045

0.0407T

CP Violation from the asymmetry of the decay ,,W
planes in n—> y'ree

From model: P. Sanchez-Puertas, JHEP 01, 031 (2019), 1810.13228

Requires the measurement of angle between pions and leptons decay planes

/ CP violation is related to asymmetries \

N(sin¢cos¢ > 0) — N(sin¢cos¢ < 0)
N(sin¢cos¢ > 0) + N(sin¢cos¢ < 0)

A sin®cos® =

N(sin¢ > 0) — N(sin¢g < 0)

Asin = : =
®~ N(sing > 0) + N(sin g < 0)

throuah Wilson coefficients

REDTOP sensitivity to asymmetry in singcos@ and sing

A pooss = Im[1.963222 — 1.3(ciM + c1122)] % 1075 — 0.2¢; +0.0003¢;

u

0, 050

0,045

0.040T

0.035T

0,030

0.025T

0.0201

0.0157T

0,010

0. 005

0,000

«0. 005

i h.l"ﬂx‘l 0. 005 ndln D_lIIIS n.I:l!D 0.1‘125 mrun mrus ﬂ.llhln
Generated sinfphi)*cos(phi) asymmetry

=0, 010

0000 0.005 0010 0015 0020 0025 0030 0035 0.040
Generated sinfphi) asymmery



CP-violation from
pu—polarization RED 4
P ‘I .

CP Violation in n—> w'uw

From model: P. Masjuan and P. Sanchez-Puertas, [HEP 08, 108 (2016), 1512.09292 & JHEP 01, 031
(2019), 1810.13228.

O Regquires the measurement of u—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, pls, is shown in the corresponding pt reference frame along with
the momenta of the 7 system. The 2 axis is chosen along p,,+.

introduced two different muon’s polarization asymmetries,

N(cosf > 0) — N(cosf <0

P )N (066 < 0) _ prmpa1c2222 27(ck + AL x 1072, (47)
N(sin® > 0) — N(sin® < 0

A, e (sin )N (sin ) _ Tmf2.5622 — 16(cV2M 4 0] x 1079, (48)

REDTOP sensitivity to Wilson CP violating
Wilson coeffiecients

Trigger| Trigger| Trigger| Reconstruction Branching ratio
LO L1 L2 + analysis sensitivity

66.3% | 16.3% | 51.9% 69.6% 3.9% 2.7 x 1078 £3.0 x 10710
21.7% | 1.7% | 22.2% | 8.6 x 10—3% ||7.0 x 10-8% -

Al =01x107!, A(G2) =01, A(GHE)=66x1072

cf_’equ
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CP-violation from
u—polarization

CP Violation in n— yu'uw

1 From model: P. Sanchez-Puertas, [HEP 01, 031 (2019), 1810.13228.

O Requires the measurement of u—polarization to form the following asymmetries

FIG. 11. Kinematics of the process. The decaying muons’ momenta in the 7 rest frame are noted
as p,+, while the et momenta, Ppis, 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,

AT _0.19(6) Im (022"

requ  — 0-19(6) Tm c72j; — 0.020(9) Im ¢3277

AT = 0.07(2) Im SHZM 1 0.07(2) Im 231+ 7(3) x 1072 I 3222

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 10~ 11

21.7% | 1.7% | 22.2% | 4.7 x 1073% ||4.7 % 1075%

5/18/2022



CP-violation from
pu—polarization

CP Violation in n—> m°uw'uw

From model: R. Escribano, et. al., JHEP 05 (2022) 147.

Requires the measurement of u—polarization to form the following
asymmetries

(W

FIG. 11. Kinematics of the process. The decaying muons’ momenta in the 7 rest frame are noted
as p,+, while the et momenta, Ppis, 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,

AT = 0.19(6) Tm el — 0.19(6) Tm 224} — 0.020(9) Tm 232 |

A’)?(_mn“ﬂ‘_ =0.07(2) Im cgi;ign + 0.07(2) Im. cggé; +7(3) x 10~% Im (:38233

REDTOP sensitivity to Wilson CP violating Wilson coeffiecients

Process Trigger| Trigger| Trigger| Reconstruction Total Branching ratio
Lo I1 L2 + analysis sensitivity
n—mutu=| 64.1% | 36.7% | 91.4% 73.2% 15.7% 94x1072+£1.3x 10710
Urqmd 21.7% | 1.7% | 22.2% | 1.6 x 1072% ||1.3 x 10~5%

A2y =21, A() =21, A(2) = 200.

Cfcq‘u

5/18/2022 Rare Frontier Meeting - C. Gatto - INFN & NIU 15

REDT!
.I

L



~ Lepton Flavor Violation Studies "

LF-violation in n— e* u- + c.c. processes (A. Petrov , D. Hazard,

1607.00815 ).

LF-violation in n— ye* p- + c.c. processes (A. Petrov, D,

1711.05314).

Process Trigger| Trigger| Trigger| Reco Total Branching ratio
Lo L1 L2 sensitivity
n—etp +ce| 793 |21.3% | 89.7% |14.0% 21% 14%x1077+2x107?
Urgmd 21.7% | 1.7% | 22.2% |0.01%||8.2 x 10~%%

Also to consider, doubly LF-violation processes
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Lepton Universality Test: REDTOP -

LHCDV latest results using B+ —» wur K vs e*e’K: 3.1c discrepancy vs SM

REDTORP statistical error for ~10" POT

~ ot g
n—=Yr jf-e{_

/

Process POT  |Signal events|Background events VSE Statistical err( [[HCbHb @ 4.2% f
Vi N p ith 1640 evts j
n— vete f[1.38 x 10| Y13 x 10° 2.52 x 10* 1.3 x 0 0.09% J |
n—yutp\1.38 x 101 }.84 x 10° 6.5 x 103 3.5 x \Q:‘ JJI }11,
f |
TABLE XLII. Statistical error from the fit of n = ~ lepton — antilepton and Urqmd ge LHCbh @ 1.8% f \\
background using a gaussian and a 5th-order polynomial, for 1.38x10'® POT with 3850 evts s E-‘-J_ - “1“
r,r_;,..u-ﬁu ik Mwﬂ%ﬂ

[ N> pppEw,eepw,ee e*e']

A Theoretical calculations at the 10 precision from Kampf, Novotny, Sanchez-Puertas (PR D 97, 056010 (2018))

[ REDTOP reconstruction efficiency n — ete—ete | n — ete ptp ||
Process Trigger| Trigger| Trigger| Reconstruction | Analysis Total i f
Lo | L1 | L2 v T -
- e e |961% | 80.7% | 15.5% 63.3% 61.2% 15% o I |7
n—eTemptu™ | 80.4% | 57.0% | 20.4% 16.6% 52.8% 0.8% f | !
n—ptpptp | 45.1% | 31.9% | 25.5% 61.3% 40.5% 0.9% | 1|r' b |
Urgmd | 20.7% | L7% | 22.2% 0.9 = 8.2 x 10~ %[ 17.6%-30.7%[ 0.7 — 6.7 x 107%™ f \ o

REDTOP statistical error for various POT = Js 1 |
Process POT |[Signal events||Statistical error '-;: —'-‘,- ,"r
A\ P | -v; -['. L "I
= ereeref [14x 107 \53931f 0.5% i /,__;;.?7.’_ — % at \
n—etept K [1.6 x 107 ,18,841\ 0.8% ™ k}‘-\q_\_‘ at e g
n = ptpptN]2.2 x 1018 /10,548 N 1.0% g
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Present & Future n Samples

CB@AGS
& C
BES-I11
KLOE

WASA@COSY

CB@MAMI 10 wk
(proposed 2014)

Phenix

Hades

GlueX@JLAB
(just started)

JEF@JLAB
(approved)

REDTOP
(proposing)

I/ 10/ LVULL

wp—nn

yp—np
e‘e —J/w—ny + n hadrons

e+e-— P—- n}/

pp—n pp
pd—mn3He

yp—np
dAu-nX

pp—npp
pAu-nX

9x1(P
1.8x10°

6x10°
6.5x10°

3x107

Near future samples

Y2 cevP — 1N X — neutrals

Y cevP — 1 X — neutrals

Pis cevld — n X

NdIC I'1LULLLICL lVlCCLlllS = . Odllv =~ 1LINI'IN & IN1U

REDTOE-

107
5000 2x107 +6x107
1.1x107 +2.5x107
5x107

>10° (untagged)
3x107 (tagged)

1.5x105 3x108

5x10°
4.5x10°8

5.5x107/yr

3.9x10°/day

3.4x10%/yr

10


mailto:CB@MAMI-B
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REDTOP Running Modes for 10 n mesonc™®

vs LHCb@40

Baseline option - medium-energy CW proton beam o

proton beam on thin Li/Be target : ~2 GeV - 30 W (10" POT/sec)

Low-cost, readily available (BNL, ESS, FNAL, GSI, HIAF) - r
n:inelastic background = 1:200 { J
Untagged n production

Preferred option - low-energy pion beam
n* on Li/Be or w on LH: ~750 MeV - 2.5x10° sOT/sec
More expensive but lower background (ESS, FNAL(?), FAIR, HIAF, ORNL)

n:inelastic background = 1:50 (
Semi-tagged n production

Fancy option: Tagged 10" 1 mesons
high intensity proton beam on De target ~0.9 GeV ; 0.1-1 MW
Less readily available: (ESS, FAIR, HIAF, ORNL, PIP-II) { j

Required fwd tagging detector for Hes

Fully tagged production from reaction: p+De —n+Hes**

Rare Frontier Meeting - C. Gatto - INFN & NIU 19



ﬁéliector Requirements and Technology -

Calorimetric o(E)/E ~ 5%/ \ E

High PID efficiency: 98/99% (e, ), 95% (1), 95% (7), 99.5%(p,n)

O-trucker(t) - 3 OPS ec, o.c

alorimeter

Low-mass vertex detector

(t) ~ 80psec, oo (t) ~ 50psec

Near 47 detector acceptance (as the n/n’ decay is almost at rest).

charged tracks detection
LGAD Tracker

4D track reconstruction for multihadron

rejection

Complemented with outer quariz tiles for

TOF measurements

y detection

Use ADRIANQO?2 calorimeter
(Calice+T1604)

PFA + Dual-readout+HG
Light sensors: SiPM or SPADs

96.5% coverage

Vertex reconstruction
Option 1: Fiber tracker (LHCB style)

Established and low-cost technology
~70mm vertex resolution
Option 2: Alice ITS3

Cerenkov Threshold TOF
Option 1: Quartz tiles

Established and low-cost technology
~50psec timing with REDTOP prototype
Option 2: EIC

Next generation technology

~30psec timing, but expensive

5/18/2022 Rare Frontier Meeting - C. Gatto - INFN & NIU 20
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A1) A \

Central Tracker WED TOP d e t e Ct 0 r chilfl}‘lierzl:;egllra(stsiles)

~ Imx15m sandwich
Thin LGAD 20 X, (~ 64 cm deep)
98% coverage Triple-readout +PFA

00 OXZE e
= T O

p-polarizer

Active version (from
TREK exp.) - optional

RICH

~Imx15m

2 (1 T F N i 0 4 |

Lead-glass tiles

98% coverage

*0.33 mm thin
*Spaced 10 cm

7

\ b
AR

\\\\\\\\\\\\
li

Fiber tracker or ITS3

for rejection of y-conversion
and vertexing

5/18/2022 Rare Frontier Meeting - C. Gatto - INFN & N




REDTOP

REDTOP Collaboration

I
J. Bam, & hine 0. Bgafia-Ugrinowic '
#£rgonne Mational Laboratory, (USA) Perimeter Institute for Theoretical Physises — Wigterloo, (Canada)
J. Comfart, P. Wauskopf, O. beFadand, L. Thomas 5. RD_V . A Kupss
Arizona State University, (U &) Physical Research Laboratory, Ahmedabad - 2hmedabad, (India) University of Uppsala, (Sweden)
. Kahn

|. Pedraza, O. Leon, 5. Escobar, 0. Hemera, O Silverio
Benemérita niversidad Auténoma de Pusbla, (Mexica)

. Abdallah O. bz Eeen

B. Fabela-Enriquez
“anderbitt Univarsity, (U528

Princeton University — Princeton, (U520

Faculty of Science, Caire University, Giza, (Egypt) TRIUMF [(Canada) A Petrow ) )
D tidnn T Ya Wizyne State University, (US&)
Fairfield University, (U S Teinghua University, (China) 5. Tulin

P. Meade York Uniwersity, (Canada’

A Aqahtani . ) Story Brook University — Mew York, (U5
Georgetown University, (USA)
W dbdaliah A Gutiemez - Rodriguez, M. A Hemandez-Ruiz

. B y . Uniwersidad futénoma de Facatecas, (Mexico)
Cairo University, Caim (Egupt)

[ ]
e e € 13 Countries
wa Uniwersitat Auténoma de Barcelona, Departament de Fisica and ’

Ouke University, (LUEA) Institut de Fizica d'Ates Energies, (Spain)
b, Spannomski J. Jaechel

Durham University, (UK) Uniwersitdt Heidelberg, (Gemany

A Lilu B. Kubiz
Buclid Techlabs, (US4 Uniwersitdt Bonn, Helmholz-lnstitut fir Strahlen- und Kernphysik
J. Dy, ! Oi Banedetto, B. Dobrezcu, 0. Fagan, E. Gianfalice-Wfendt, E. Hahn, 0. Jenzen, C. Johnstons, J. Johnstone, J. (Theerig)and Bethe Center for Theoretical Physics, (Germamy)

56 Institutions,

Kilmer, G.Krnjgic, T. Kobilarcik, A, Kronfeld, K. krempetz, 5. Los, b, higw, A hizzacane, M. bokhow, W Pellico, A Pla- C. Siligardi, 5. Barbi, C. kiugoni

Dalmau, “ Pronskikh, E. Ramberg, J. Rauch, L. Ristor, E. Schmidt, G. Sellberg, G. Tassotto, ¥.0. Tzai Universitd di hisdena & Reggio Emilia, taly) I ! ‘ O I I a b o ra to rs
Fermi MNational Aocelerator Laboratary, (U 54 L. E. Marcucci*

JShi Uniwersita’ di Piza, (kaly)

Guangdong Prowincial Key Laboratory of Muclear Science, Institote of Quantum hiat er, hd. Guida?

South China Mormal University, |, Guangzhou 510006, (China) Uniwersita di Salemo, (kaly)

R. Gandhi 5. Chareboiz, J. F. Pratte

Harizh-Chandra Research Institute, HBMI, Jhunsi (India) Uniwersité de Sherbrooke, (Canada)

5. Homiller L. Harland-Lang

Harvard University, Cambridge, bl (U5 University of Ouford, (LK)

E. Passamar J. . Bermyman

Indiana University (L5340 University of California Beroeley, (USA)

P. Sanchez-Puertas =, Gori

IF AE - Barcelona ¢ Spain) University of California Santa Cruz, (USA)
3 Chen, @ Hu F. Gardner, P. Paschos

In=titute of hodern Physics, Chinese fcademy of Sciences, Lanzhou (China) University of Chizags, (USA)

C. Gatto 't J. Konisberg

Istituta Mazionale di Fisica Nucleare - Sezione di Napali, (laly) Uniwersity of Florida, (L154)

W, Bal dini C. bills=

Istituto Wazionale di Fisica Hucleare - Sezione di Femara, (haly) University of llinois Chicago. (S &)

. Carosi, A, Kewshy, M. viani hd. hdurray, . Rogan, C. Rowon, Hicola hinafra, A Mowikow, F. Gautier, T. Isidod

Istituto Mazionale di Fisica Mucleare — Sezione di Pisa, (aly) Uniwersity of Kansas, (U8

%. Gardner, X Yan

Uniwversity of Kentuchky, (L155)
W, Onel

Uniwersity of lowa, (540

WY Krzemien, b, Silarski, b, Zielinski
Jagiellonian University, Kakow, (Poland)

0. Guadagnali
Laboratoire d'fnne cy-le-*deux de Physique Théorique, (France)
B. Batell, A. Freitas, k. Rai

D. 5 M Mves, 5. Gonzalez-Soliz de la Fuente, 5. Pastors Urniwersity of Pittsburgh, (U5 &)

Loz Mamos Mational Laboratory, (USA)
hd. Pas palow
Uniwersity of hinnesata, (US5A)

0. Gao
Uniwersity of Science and Technology of China, (China)

b, Berlowski
Mational Centre for Nuclear Researczh - Warsaw, (Poland)

G. Blazey, A, Dvchhant, K. Franciz, M. Syphers, " Zutzhil, P. Chintalapati, T. Malla, k. Figera, T. Fletcher
Morthem llinoiz University, (L58)

K. hlaamari
A lzmail

Oklahama State University, (U554 tié'f“IVf’é%ﬁﬁ?g‘ ECGARITEINEN & NIU 22



Conclusions w

o All meson factories: LHCb, B-factories, Dafne, J/psi factories - have
produced a broad spectrum of nice physics

o The n/n’ meson is a excellent laboratory for studying rare processes
and physics BSM at a lower mass scale

e REDTOP only experiment (with SHIP) sensitive to four DM portals
o Excellent complementarities with JEF at JLAB

o Existing world sample not sufficient for breaching into decays
violating conservation laws or searching for new particles

e REDTOP goalis to produce ~10"* untagged n mesons and ~10"* n’ in
Phase-1 and ~10" tagged mesons in Phase-11

e Modest beam requirements could be met by several laboratories in
US, Europe, and Asia

More details: hitps://redtop.fnal.gov and https://arxiv. org/abs/2203 07651
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Why the n meson is special? =g

pisiaGoldstone boson Symmetry constrains its QCD dynamics

It is an eigenstate of the C, P, CP and G operators Ft can.be used to test C and CP
(very rare in nature): I¢ J*< =0 0~ Invariance.

Its decays are not influenced by a change

All its additive quantum numbers are zero of flavor (as in K decays) and violations

Q=T=7=8=B=L= (0 are “pure”
All its possible strong decays are forbidden in It is a very narrow state (I' =1.3 KeV vs
lowest order by P and CP invariance, G-parity . I =149 MeV)

conservation and isospin and charge symmetry

plCld e Contributions from higher orders are

EM decays are forbidden in lowest order by C enhanced by a factor of ~100,000

invariance and angular momentum conservation .. ,
Excellent for testing invariances

Thend flavor- i ti
= 1] Gecays afe TavOI-conserviiig Teactions Decays are free of SM backgrounds for

. . new physics search
n is an excellent laboratory to search for physics Beyond Standard Model
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Lepton Universality Test
LHCD latest results: with B+ —» ' K* vs e'e’K*

U
Lo _
[

n/n’ factories are especially important to confirm the anomaly

w u

=

Bt |kt Bt K+

W+ '
Based on 3850 vs 1640 evts (BR,,= 10°¢ L )
i

3.1c discrepancy vs SM

<1

L=all

If new particle has a mass close to 2xM , the m-e non-universality could be due to a
phase space effect rather than a non-universal coupling

Low energy experiments are more sensitive to that mass scale
Several processes under study:
N yuu vsyee
n— Wy U vseeuu vseeee
n—oruu vsneete
The most rare of the processes involving leptons could have as much as several 10* SM events

(BR,,, ~ 10%)
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Beam Direction

Acceleration Scheme for Run-1 (M. Syphers)

Single p pulse from booster (<4x10% p) injected in the DR (former debuncher in anti-p
production at Tevatron) at fixed energy (8 GeV)

Energy is removed by inserting 1 or 2 RF cavities identical to the one already planned (~5
seconds)

Slow extraction to REDTOP over ~40 seconds.

The 270° of betatron phase advance between the MuZ2e Electrostatic Septum and REDTOP
Lambertson is ideal for AP50 extraction to the inside of the ring.

~ Mu2e AP30/20 Electrostatic Septum

WV

|| REDIOP
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REDTOR~

e ! N

REDTOP detector

Optical-TPC -

For slow background rejection

5D- Calorimeter: ADRIANQO?2

or (Dual-readout +PFA)
LGAD Tracker surrounded by Quartz Sci and Cer light read by SiPM or SPAD
cells For excellent energy , position resolution and
PID

For 4D track reconstruction and TOF
- measurements

-polarimeter (optional)

sandwich of fused silica and Si-pixel

for measurement of muon polarization

Vertex Fiber tracker

for rejection of -conversion and
identifying displaced vertices
from long lived particles .

Forward Detector for Option 2
for tagging *He™ ions
5/28/2022 Rare Frontier NbettimgINENGa ONIINFN & NIU 29



Detector Development

T1604 Collaboration (ANL, Fermilab, INFN, KU, NIU)

REDTOR~
. "

q "y

Member of CALICE collab.

30 prototypes upd or tect at FTRF

28 modules (0.5 x 5 m?)
rranged in 3 stations x 4 layers
(XUVX)

LHCb design

1 module = 8 fibre mats

mirror
-
fibore mat
24 m

Jung 2021 test bearn jminut it - -+« « - -

Active surface is about
0.24 m? vs 360 m? for
LHCb.

* Wpsintnodimple
= Junie 2021 test beam muuml

Readout channels is about
18,000 (vs 590k for CTT— : .

32.59 mm 5
1 SiPM = 128 channels .
. N 10 1 12 13 14 15 16 17 18 19 20 il 2 px} %4 2% 2% 2 i} 2 30
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AV A JUL UJIJIJ lV.I.U.lll.lll.y UDCISC

Statistics >

B8 General / Open Science Pool - All Usage =8 @ lastWdaysvre ~ ([ Q| |02~ || B
BUlo v Froject || All » user || All v sunmitter Institubon || All v = Other 036 Connect Boards
Total Wall Hours

Total wall Hours for Top 10 Projects
25.1 Mi

total
Wall Hours per 1d _ Eht 5 M”
‘== Hawail_Doetinchem A Mil

— REDTOP 3 Mil ‘

- CLAS1Z 3 Mil
- ASL_Pfeifer 1 Mil
= WSL_3DHydro T Mil
= PixleylLab 851 K
== [Uft5_Hempstead 814 K

Pl Name Institutior Core Hours ~

Chi-Kwan Chan University] — Spt 311 E-] E i"::. 4,50 Mil I
Philip von Doetinchem University] A44Mil
Corredo Gatto Fermilab 319 Mil
Maurizio Ungaro Jefferson Lab Muclzar Physica CLAST2 2.B7 Mil
Susanne Pfaifer Arizona State Universi ity Life Sciences - Biolegical and Biomedical ASU_Pfeifar 1.18 Mil
121 3 4
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] Computing Usage™
urces for REDTOP are from three sources:
and stash storage

D/NIU: CPU and permanent storage
lab (private farm hosted by AD) : CPU and permanent storage

Summary of computing

- - - “ -

100 5B 1agtrppeaks opportunistic 7x10°
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REDTOP Computing Moder

e Model architecture:
— Single-core computational workflow has proven to be well suited for the distributed
High Throughput Computing (DHTC) environment of the OSG.
—  Model already adopted by other small Collaborations (IceCube, XENON, et. al.)

e Storage:

— DataStream from the L-2 farm will be staged at (FNAL) dCache storage and sent to
tape (or wherever is cheaper when the experiment runs: FNAL at present)

— Stratum-0 server hosts a CVMES repository of the REDTOP software

e CPU:

— Any (dedicated or opportunistic) OSG working node

— Member institutions can join the OSG federation and accept jobs from OSG’s
GlideinWMS job factory via a HostedCE deployment.

5/28/2022 Rare Frontidr Miedtng INENGatOHINFN & NIU 33



ANLLAJ A Ul \,U.l.lll:}bll.l.lls

Requirements

e Storage

Trigger | Input event rate | Event size | Input data rate | Event rejection
stage Hz bytes bytes/ s

Level 0 7.% 1F 1.4%x10° | 9.8 x 10" ~4.6
Level 1 1.5 x 10° 1.5 x 10° 2.3 x 10" ~{il)
Level 2 2.5 x 10° 1.5 x 10° 3.8 x 107 ~4.5

Storage| 0.56 % 10° 1.6 % 10" 0.9 x 107

TABLE XVIII. Data and event rates for different stages

e 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)

5/28/2022 Rare Frontidr Miedtng INENGatOHINFN & NIU 34



REDTOP

DTOP Baseline 4
omputing Model

@@ii

3dYL

http
Stratum0

adey o3 eyep
3sip 01 Byep

Pre-processed
data backup CVMFS
metadata
= o de
- ) % no
—) g > job input data to grid
— = 3 ;
o 2 K- =
REDTOPDAQ  Raw Data @ | job output data from grid
!EEE!!EEE 1
GPGrid Grid Production
I Local FermiGrid Jobhs
Production Jobs o Gateway
@)
Pre-processing jobs - -

Node

For more details: http://redtop.fnal.gov/wp-content/uploads/2020/05/redtop-compute_v3.pdf
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