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Main Physics Goals
Ç CP Violation via Dalitz plot mirror asymmetry:hƂpop+ p-

Search for asymmetries in the Dalitz plot (also J.  Shi & S. Gardner talk in H11).

Ç CP violation via g* polarization studies:hƂ p+pðe+eð and  hƂ p+pðm+mð

Measure the angular asymmetries between the l+lðand p+pðplanes

Ç Dark photon searches: hƂ gAõ with AõƂ l+l-

Ç Dark scalar mesonsearches hƂ poH with   HƂe+e- and HƂm+m-
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An ɖ /ɖô factory with 104x world statistics searching for discrepancies in the
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ÇNuclear models

ÇChiral perturbation theory

ÇNon-perturbative QCD

ÇIsospin breaking due to the u-d quark mass difference

ÇOctet-singlet mixing angle

ÇElectromagnetic transition form-factors (important input for g-2)

C, T, CP-violation
Ç CP Violation via Dalitz plot mirror asymmetry:hƂpop+p-

Ç CP Violation (Type I ðP and T odd , C even): h-> 4poƂ8g

Ç CP Violation (Type II - C and T odd , P even):hƂpol+l and h Ƃ 
3g

Ç Test of CP invariance via m longitudinal polarization: hƂ m+mð

Ç Test of CP invariance via g* polarization studies:hƂ p+pðe+eð

and  hƂ p+pðm+mð

Ç Test of CP invariance in angular correlation studies:hƂ m+mðe+eð

Ç Test of T invariance via mtransverse polarization: hƂ pom+mðand 
hƂ gm+mð

Ç CPT violation: mpolariz. in h Ƃ p+m-nvs h Ƃ p-m+nand g
polarization in hƂ gg
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Other discrete symmetry violations
Ç Lepton Flavor Violation: hƂ m+eð+ c.c.

Ç Double lepton Flavor Violation: hƂ m+m+eðeð+ c.c.

New particles and forces searches
ÇScalar mesonsearches (charged channel): hƂ poH with   
HƂe+e- and HƂm+m-

ÇDark photon searches: hƂ gAõ with AõƂ l+l-

ÇProtophobicfifth forcesearches : hƂ gX17 with X17 Ƃ e
+e-

ÇNew leptophobicbaryonic forcesearches : hƂ gB with BƂ e+e-

or BƂ gpo

ÇIndirect searches for dark photons new gauge bosonsand 
leptoquark: hƂ m+m- andhƂ e+e-

ÇSearch for true muonium: hƂ g(m+mð)| 2Mm
Ƃ ge+eð

Other Precision Physics measurements

ÇProton radius anomaly:hƂ g m+mðvs   hƂ g e+e-

ÇAll unseen leptonicdecay mode of h/ hô (SM predicts 10-6 -10-9)

Non-h/hõ based BSM Physics
Ç Dark photon and ALP searches in Drell-Yan processes: 

qqbarƂ Aõ/aƂ l+lð

Ç ALPõs searches in Primakoffprocesses: p ZƂ p Z a Ƃ l+lð

(F. Kahlhoefer)

Ç Charged pion and kaon decays: p+ Ƃ m+nAõ Ƃm+ne+eðand 
K+Ƃ m+nAõ Ƃm+ne+eð

Ç Neutral pion decay: poƂ gAõƂ ge+eð

High precision studies on medium energy physics

Assume a yield  ~1013 hmesons/yr and ~1011hõ mesons/yr
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È It is a Goldstone boson

È It is an eigenstateof the C, P, CP and G 
operators (very rare in nature): IG JPC =0+ 0-+

È All its additive quantum numbers are zero

Q = I = j = S = B = L =  0

È All its possible strong decays are forbidden in 
lowest order by P and CP invariance, G-parity 
conservation and isospin and charge 
symmetry invariance.

È EM decays are forbidden in lowest order by C 
invariance and angular momentum 
conservation

È The Ȇ decays are flavor-conserving reactions

È The quark content of the Ȇ /Ȇõ is extremely 
simple and thus SM background is known
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Symmetry constrains its QCD dynamics

It can be used to test C and CP 
invariance.

Its decays are not influenced by a change 
of flavor (as in K decays) and violations 
are òpureó

It is a very narrow state (Gh=1.3 KeV vs 
Gr=149 MeV)

Contributions from higher orders are 
enhanced by a factor of ~100,000

Excellent for testing invariances

Decays are free of SM backgrounds for 
new physics search
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REDTOP@CERN
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charged tracks detection
Ç Use Cerenkov effect for tracking 

charged particles

Ç Baryons and most pionsare below Ľ
threshold

Ç Electrons and most muons are 
detected and reconstructed in an 
Optical -TPC

Ç Incident proton energy ~1.8 GeV (3.5 GeV for hõ) 

Ç CW beam, 1017-1018 POT/yr (depending on the host laboratory)

Ç h/hô hadro-production from inelastic scattering of protons on Li or Be targets 

Ç h-production rate: 106 Hz (total: 1013/yr) (hô : 1011/yr) 
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gdetection
Ç Use ADRIANO2 calorimeter 

(Calice+T1015)for reconstructing EM 
showers 

Ç sE/E < 5%/ÕE

Ç PID from dual-readout to disentangle 
showers from g/m/hadrons

Ç 96.5% coverage
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Ç Fiber tracker (LHCB style) for rejection of background from g-conversion and 
reconstruction of secondary vertices (~70mm resolution)
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È Single p pulse from booster (¢4x1012 p) injected in the DR (former debuncherin 
anti-p production at Tevatron) at fixed energy (8 GeV)

È Energy is removed by adding 1-2 RF cavities identical to the one already planned 
(~5 seconds)

È Slow extraction to REDTOP over ~40 seconds.

È The 270o of betatronphase advance between the Mu2e Electrostatic Septum and 
REDTOPõs Lambertsonmagnet is ideal for AP50 extraction to the inside of the 
ring.  

È Total time to decelerate-debunch-extract: 51 sec: duty cycle ~80%
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È Full use of ~1 GeV ðCW proton beam 
provided by PIP -II.

p + De Ƃ Ȇ + 3He+

È Ȇ-meson tagging by detecting the 3He+ ion 
(higher QCD background rejection)

È Measuring the momentum of the 3He+ the 
kinematics is fully closed . 

Á Long lived, dark particle escaping detection could be 
identified using the missing 4-momentum technique. 

È The latter is considerably more powerful than 
the, missing pt or missing energy (proposed at 
beam-dump or e --fixed target experiments)
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tREDTOP

Detector upgrades

New Target: Li foils  -> gaseous De

New Central tracker: Optical -TPC -> LGAD tracker

New 3He+ ion detector



È Once approved and funded, REDTOP needs:

Á 2-3 years detector R&D +  detector design

Á 2 yrs construction

È Accelerator mods required:

Á CERN: need further studies ðbut beam structure is sub-optimal

Á FNAL-DR: ~1yr (add a SC cavity to the DR and build an extraction line

Á FNAL-PIPII: new experimental hall required (PIP-III)

È R&D required

Á ADRIANO2: ongoing

Á Fiber tracker: none

Á LGAD  tracker: piggy-back on existing R&D (ATLAS, EIC)

Á O-TPC: very late
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Ç In kind contribution from INFN

Ç Solenoid (from Finudaexperiment at Frascati)

Ç ¾ of Pb-glass (from NA62)

4/19/2020 C. Gatto - INFN  & NIU

Ç For Fermilab

Ç Add labor and accelerator (R.F.cavitiesand EM septum are available at Fermilab)

Ç Adjust contingency from 50% to 25%
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Potential hosting laboratories: BNL, CERN, FNAL (DR and PIP -II)



È The Collaboration is currently engaged in the ESPP and the 
Snowmass2021-P5 processes

È Current activities aiming at the preparation of a full proposal in a 
timeframe consistent with Snowmass2021-P5

Á Montecarlocampaign ongoing for Snowmass (Run-I and II) 

Á ~1010 events being generated and reconstructed (GenieHad+slic+lcsim)

Á (Almost) full reconstruction in place (include track and vertex fitting)

È Competition from several other experiments (LHCB, LDMX, etc.)

Á But, REDTOP experimental techniques is unique (i.e., missing 4-momentum)

More details: https://redtop.fnal.gov
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È The h/hõ meson is a excellent laboratory for studying rare processes and 
physics BSM

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

È REDTOP goal is to produce ~1013hmesons/yr in phase I and ~ 10 11 ɖô 

/year in phase II

È More running phases could use different beam species:

Á PIP-II for a tagged-hexperiment

È Several labs could host the experiment (FNAL is the most optimal)

È New detector technique would set the stage for next generation High 
Intensity experiments

È Moderate cost (50-60 M$)
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Á As LHC found no hint of new physics at high energy so far

Ğ New physics could be at much lower energy

Ğ Colliders have insufficient luminosity (O(1041) cm-2 vs O(1044) cm-2 for 1ðmm 

fixed target )

Á An Ȇ /Ȇõ factory with 104x world statistics would search for 
discrepancies in the Standard Model at the 1 GeV energy regime 
with couplings at the level of 10-8

Ğ Newest theoretical models prefer gauge bosons in MeV-GeV mass range as 
òémany 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 inapplicableó (B. Batell, M. Pospelov, A. Ritz ð2009)
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Ç CP Violation via Dalitz plot mirror asymmetry:hƂpop+p-

Search for asymmetries in the Dalitz plot.

Ç Test of CP invariance via g* polarization studies:hƂ p+pðe+eð and  hƂ 
p+pðm+mð

Measure the angular asymmetries between the l+lðand p+pðplanes

Ç Dark photon searches: hƂ gAõ with AõƂ l+l-

Need excellent vertexingand particle i.d

Ç Scalar mesonsearches hƂ poH with   HƂe+e- and HƂm+m-

Dual (or triple!) calorimeters and fast (<100 psec) play important role
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Ç CP-violation from this processis not bounded by EDM as is the case for 
theȆƂ4ȏprocess.

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

Ç Current PDG limits consistent with no asymmetry

Ç REDTOP will collect 4x1011 decays (100x in stat. err.) in B-field insensitive detector

Ç New model in GenieHad(collaboration with S. Gardner & J. Shi ðUK) based on 
https://arxiv.org/abs/1903.11617
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https://arxiv.org/abs/1903.11617
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hƂ gAõwith  AõŸ m+ m- and   e+ e-

Ç Studied within the òPhysics Beyond Collideró program at CERN for 1017 POT

Ç FNAL and BNL can provide 10x more POT

Ç Studies in progress add vertexing+timingto improve the sensitivity to physics 
BSM.

4/19/2020 C. Gatto - INFN  & NIU

REDTOP@CERN REDTOP@Fermilab

booster

REDTOP@Fermilab

PIP - III



21

Ç Beam emitted ALPõs from the following processes:

Ç Drell-Yan processes: qqbarƂ Aõ/aƂ l+lð

Ç Proton bremsstrahlung processes: p NƂ p N Aõ/awith Aõ/a Ƃ l+lð (J. Blümlein and J. Brunner)

Ç Primakoffprocesses: p ZƂ p Z aƂ l+lðð (F. Kahlhoefer, et. Al.)

Ç Only òbump hunt analysisó with 1017 POT (CERN). Will add vertexing+timing to the analysis.

Ç Redtop@PIP-II will provide x100 sensitivity (ALPACA study).
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Á Medium energy proton beam  1.5 ð4 GeV  

Á Proton economics:

Á Min: 1017 POT/yr - CERN

Á Optimal: 10 18 POT/yr - FNAL or BNL

Á Produce ~1013 hmesons/yr ðrecoeff > 10%

Á Produce ~1011 hõ mesons/yrðreco eff > 10%

Á Efficient detection of the leptonic decays of the h

Á Blind to protons and low energy charged  pions. 

Á Neutron rejection (via ADRIANO2 dual -readout calorimeter)

Á near 4pdetector acceptance.
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1.5 m

1
 m

OTPC

Optical TPC
Å ~  1m x 1.5 m
Å CH4 @ 1 Atm
Å 5x105 Sipm/ Lappd

Å 98% coverage

10x Be or Li targets
Å 0.33 mm thin
Å Spaced 10 cm

ADRIANO2 
Calorimeter (tiles)
ÅScint. + heavy glass 

sandwich 
Å20 X0 ( ~ 64 cm deep)
ÅTriple -readout +PFA

Å96% coverage

Aerogel
Dual refractive 

index system

m-polarizer
Active version (from 
TREK exp.) - optional

Fiber tracker 
for rejection of g-conversion 

and vertexing



Technique ɖƂ 3po ɖƂ e+e-g Total ɖ

CB@AGS p--pƂhn 9³105 107

CB@MAMI -B g-pƂhp 1.8³106 5000 2³107

CB@MAMI -C g-pƂhp 6³106 6³107

KLOE e+e-ƂFƂhg 6.5³105 5³107

WASA@COSY ppƂhpp
pdƂh3He

>109 (untagged)
3³107 (tagged)

CB@MAMI 10 wk
(proposed 2014)

g-pƂhp 3³107 1.5³105 3³108

Phenix d AuƂhX 5³109

Hades ppƂhpp
p AuƂhX

4.5³108

Near future samples

GlueX@JLAB
(just started)

g12 GeVpƂ ɖ X 
Ƃ neutrals

5.5³107/yr

JEF@JLAB 
(recently approved)

g12 GeVpƂ ɖ X 
Ƃ neutrals

3.9³105/day

REDTOP@FNAL 
(proposing) 

p1.8 GeVBeƂ ɖ X 2.5³1013/yr
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È Large beam losses will occur if beam is decelerated from injection 
@ 8 GeV (g= 9.53) to 2 GeV (g= 3.13) through the DR natural 
transition energy gt = 7.64.

È Transition is avoided by using select quad triplets to boost Ȃt
above beam gby 0.5 units throughout deceleration until gt = 7.64 
and beam g= 7.14 (5.76 GeV kinetic). 

È Below 5.76 GeV the DR lattice reverts to the nominal design 
configuration

È Optical perturbations are localized within each triplet

È Straight sections are unaffected thereby keeping the nominal M3 
injection beamline tune valid.
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Á Transition Energy

Ğ ‎t is where ῳf/f = 1/ ‎2 - <D/ ”> = 0; synchrotron motion 
stops momentarily, can often lead to beam loss

Ğ beam decelerates from ‎= 9.5 to ‎= 3.1

Ğ original Delivery Ring ‎t = 7.6

Ğ a re-powering of 18 quadrupole magnets can create a       
‎t = 10, thus avoiding passing through this condition

Í Johnstoneand Syphers, Proc. NA-PAC 2016, Chicago (2016).

Á Resonant Extraction

Ğ Mu2e will use 1/3 -integer resonant extraction

Ğ REDTOP can use same system, with use of the spare 
Mu2e magnetic septum

Ğ initial calculations indicate sufficient phase space, even 
with the larger beam at the lower energies

Á Vacuum

Ğ REDTOP spill time is much longer than for Mu2e

Ğ though beam-gas scattering emittance growth rate 3 
times higher at lower energy, still tolerable level
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8 GeV injection energy (top) and <5.8 GeV 

(bottom) 

Å Blue & red circles indicate sites of the ɔt quad 

triplets.

Variation of ‎, ɓmaxΣ ŀƴŘ ǘƘŜ мрˉ фф҈ ōŜŀƳ 
envelope through deceleration

"J.Johnstone, M.Syphers, NA -PAC, 
Chicago (2016)"

Transition is avoided by using select quad triplets to boost ɔtabove beam gby 0.5 units throughout 

deceleration until gt = 7.64 and beam g= 7.14 (5.76 GeV kinetic). 

Below 5.76 GeV the DR lattice reverts to the nominal design configuration
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J. Rauch

(Many thanks to K. Krempetz, as well)


