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Do fixed target experiments @ a super J/wy factory




Do fixed target experiments @ a super J/wy factory

* Super J/y factory
e e*e annihilation @ 3.097 GeV
* 0(10'%) or more J/y events/year

* J/y decays into final states with nucleons or
hyperons and their antiparticles

* Branching Fraction ~ 103
* Tag efficiency ~ (10-50)%

e High quality sources of (anti-)nucleon and

long lived (anti-)hyperons
* 0O(108) tagged source particles per year
* Well known momentum and direction

e Use variety of custom removable targets
* State of the art detector

* No need to share beam time

* NN, NN, YN, VN, hypernuclei, neutron s4tar,



outline

* Why particle sources are important &

Why some of the sources are very rare

* Why J/y decays

* BESIIl experiment as a “proof of concept”

* A super J/\y factory with 1012 J/\y events per year
* A hyper J/y factory with 104 J/\y events

* Potential physics discoveries

* Summary
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Geiger—Marsden experiment 2 A
(Rutherford gold foil experiment) v | J &

Ernest Rutherford Hans Geiger Ernest Marsden
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* AB: conical glass tube containing “radium
emanation” (radon), “radium A” (actual A
radium), and “radium C” (bismuth-214); its
open end sealed with mica [z 5]

* P: lead plate
 S: fluorescent zinc sulfide screen

* R: metal foil
* M: microscope

I M \
Geiger, Hans; Marsden, Ernest (1909). "On a Diffuse Reflection of the a-

Particles". Proceedings of the Royal Society of London A. 82 (557): 495.



https://doi.org/10.1098/rspa.1909.0054
https://en.wikipedia.org/wiki/Proceedings_of_the_Royal_Society_of_London_A

Why particle sources are important

» Scattering experiments using many different kinds of beams are the mainstay of
experiments investigating the fundamental interactions and structure of matter at the
subatomic level.

* Beams of long-lived charged particles and of photons are easy to produce, and so many
experiments using charged projectiles have been carried out during the more than 100
years since the trailblazing experiment shooting a particles into gold foil that enabled
Rutherford to infer the existence of the atomic nucleus.

* Since then, e, Y, 1, K, proton, antiproton, photon, and various heavy ion beams have
been produced and have served as enablers of many scientific breakthroughs.

* Beams of some neutral particles, like neutrons and neutrinos, are relatively easy to
produce but difficult to control; i.e., they have a large momentum spread.

* Beams of other neutral particles, such as antineutrons, K° and KO, long-lived hyperons
(A, 2*, =9-) and their antiparticles ( A, 3%, =%*) have great physics potential, but they
are typically much more difficult to produce and control.



n sources in history

. Bp% nn @ E-767@BNL & OBELIX@CERN
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Sources of A & other hyperons

* Bubble chamber experiments with hyperons from K+target
* Emulsion experiments with K+target 2 K*+X, K*+K*+X, ...

* A few to about 10% events (typical O(100) tagged events) [ (b)
* No anti-hyperon sources! Loxtoa]. A Nomentum
J.K. Ahn et al. / Physics Letters B 633 (2006) 214-218 %
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Why J/y decays: (1) huge cross section of ete=2>J/y

o(nb)
(s) 1277 I “l e
g S) = . ’ | ,
Born (3 — M 2)2 -+ F% M? ol I'),,=93 keV || — BWIsRBeamSpread(iveV)
[ -2
O Born\S I —x 10° 3
Orc.(8) = /da:F(:r:, S) /
e 1 —II(s(1 —x))2 /
1025* f’f
O § /
Gon (W) = / AW oo (WG(W' W)
0 1 W w2 o aom aow a0 a0 adodl s(GeV
GW, W' = e~ 242
V2T A at J/y peak | Born ISR A=1 MeV

G (mb) | 9.1x10* | 4.4x10* 3,100

Formulas from PLB 557 (2003) 192
Numbers & plot from Yuping Guo L =0.5nb1s! @ BEPCII 10



Why J/w decays: (2) big B(J/yw=2>baryons)

decay mode B (X 10_3) Pmax (MeV/c)
J/1p — pr—h 2.12 1174
J/p — AA 1.89 1074
J/p — pKTA 0.87 876
J/p — X~8T 1.50 992
J/p — Ar—2T 0.83 950
J/p — AnTX— — 945
J/p — =0=0 1.17 818
J/p —- =t —=0 — 685
J/p — ZETE~ 0.97 807
J/p — B0 TE" — 686
P (28) — QTQ~ 0.05 774

Y(28) - E'KTQ~ — 606




Why J/v decays: (3) high tag efficiency

Btag Etag

decay mode (%) (%)
J/p — pr—n 100 50
J/p — AA 64 40
J/p — pKTA 100
J/p — X% T 52 40
J/p — Anr—X+ 64
J/p — ArTE~ 64 20
J/yp — E0=0 64 20
J/p — ETa—= 64
J/p — ETE~ 64 20
J/p — 20 tE— 64
P(28) — QTQ~ 44 20

P(28) - E'KTQ~ 64




Proof of concept: study @ BESIII experiment

SC magnet, 1T

Magnet yoke
RPC
CGEM-IT is
BTOF, 70 ps being built &
ETOF, 60 ps placed here

Be beam pipe

|
MDC, 120 um

0.5% at 1 GeV/c Total weight 750 tonnes,

~40,000 readout channels,

Py Data rate: 5 kHz, 50 Mb/s

CsI(TI) calorimeter, 2.5% @ 1 GeV

Has been 1n full operation since 2008,
13

all subdetectors are in very good status!




Proof of concept: study @ BESIII experiment

Beam pipe

e / e’
> Jy <«

0 -0

ete” > J/Y »prnnp > nte nta’, 7’ - yy
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Proof of concept study @ BESIIl experiment

\
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* N(J/y) = 101

« BJ/Y » pn#) = (2.12 4+ 0.09) x 1073
e £ =40%

* Tagged n = 101%%x2.12x10-3x40% = 8 million!

* 0<p <1174 MeV/c
e op: ~7 MeV/c

n direction: O(mrad)

15



Proof of concept: study @ BESIII experiment

The BESIII J/ data sample has been collected already, the detector material close
to the interaction point in the inner detector serves as an effective target.

Beam pipe support BEST beam ThPQ + MDC inner wal]
MDC Inner end plate  po centml pipe cos6—0.93 W\ 2wy Carbon Liber
;Z/ Cu extension pipe DC inner tube ,{ " . R=59.2rmmY : ( (oner Ly bo S
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with o(Ap) ~ o(nAn) ~ 100 mb S P
expect 1-2% of tagged fA-s interact with Be & 1-2% with C fiber target

so ~100,000 i+ Be events and ~100,000 7+ C events 16



Hyperons and anti-hyperons at BESIII experiment

Baryon c¢7 (cm) decay mode B (X 10_3) Pmax (MeV/c) 'n,gp (x10%)
A 2.6 x 1013 J/¢p — pr—a 2.12 1174 80 — reference |
A 7.89  J/¢p — AA 1.89 1074 26

J/p — pKTA 0.87 876 9
> 240 J/¢p — 7%t 1.50 992 4
J/p — Ar~ET 0.83 950 1
) 4.43 J/¢p — AntE— — 945 —
=0 8.71 J/¢yp — == 1.17 818 7
J/p — ET =0 — 685 —
= 491 J/yp — ET=" 0.97 807 3
J/p — B0 TE" — 686 —
Q- 2.46  P(28) — QTQ~ 0.05 774 0.05
P(28) - 2 KTQ~ — 606 —

The Q hyperons are produced from 3 billion y(2S) event sample.
All these particles can also be produced in decays of other charmonia. 17



A super J/y factory with 102 J/y events per year

» Design luminosity = O(100) x & @BESIII ~ 103> cm2s?
v’ Existing proposals: STCF (China), SCT (Novosibirsk)
» Detector improvements vs. BESIII: tracking, PID, y detection
» (1-3)x10* J/y events/year = 100 x BESIII sample
» Further improvements to expand range of physics topics
v" Reduce the diameter of the beam pipe
v Interchangeable custom targets inside the detector

v Subdetector for specific final states, e.g. deuteron, triton, ...



STCF In China

CM Energy : 2-7 GeV
Peaking £ : >5x1034cm-2 s

Potential to further improve the
Loeak and realize polarized beam

injection: ~ 300m
BESIII-Like detector
Cost 4.5B RMB

19



Accelerator Conceptual Design

. omombEd = omm wht

Al o =

e,

‘ IR o . Parameters Unit Value
Circumference m 574.78
Distance from final defocusing quadrupole to IP m 0.9
Optimized energy GeV 20
‘Total beam current A 2
Horizontal/Vertical beta @ TP m 0.09/0.0006
Total crossing angle (26)) mrad 60
Piwinski angle (¢) rad 18.9
\ Beam-beam tune shift (£, /£,) — 0.0038/0.0835
\ Coupling ratio — 0.5%
% Natural chromaticities (C,/ Cy) —_ -87/-513
Sextupole P (Anti)sextupole ! Horizontal emittance (e,) without/with IBS nmrad 2.76/4.17
1 - J Horizontal beam size @ IP without/with IBS pm 15.77/19.37
: ]ﬂx.ﬂy 5.8 Puby : , !  without/with I
\ SS * ! : SS / Vertical beam size @ IP without/with IBS pm 0.091/0.117
' f Energy spread (ZA£) without/with IBS %107 53112
\ K A T : / Momentum compaction factor — 7.2x 107
‘\.\' Bty = 3 Aty = ) ,."; RF frequency MHz 499.67268
* s RF voltage MV 1.2
~ DW Sﬂ‘r .. rﬂ,ﬂx e Dw o Harmonic number — 958
~ ini A -~ Bunch length (o) mm 12.2
) S o SS“njec.tlon’RF e e ) Particle number per bunch (V) — 5.0x 10"
Energy loss per turn MeV 0.1315
Interaction reg ion : Synchrotron tune (v,) —| 000388
Damping times (7x/7,/75) ms | 58.51/58.33/29.12
« Large Piwinski-Angle Collision + Crab Waist Peak luminosity em?s! | 12x10%
Touschek lifetime s 35
Li n a C I nj ecto r: Electron ource 15nC/5nC Electron transport Toring

e” e Linac 3.5 GeV

« No booster, full energy injection (1-3.5 GeV)
« Possible polarized e- beam e 20



xgdt, STCFHTFLiH A<,

PXD
~<0.25%X,/ layer

Oxy< 130 um

EMC

E range: 0.025-2GeV
oe(%) @ 1 GeV
Barrel: 2.5
Endcap: 4

Pos. Res. : ~ 4 mm

21
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Sarov, Russia

Super charm-tau factory

lvan Logashenko (BINP)

PhiPsi2022

Super charm-tau factory is e Te™ collider,
dedicated to precision study of properties of
charm-quark, tau-lepton, study of strong
interactions, search of BSM physics

. Beam energy from 1.5 (1.0) to 3.5 GeV
~ Luminosity £ = 103> cm™2¢ ! @ 2 GeV
. Longitudinally polarized electron beam
Experiments will be conducted using state-of-
the-art general purpose detector
Tracking (including low p¢)
Calorimetry (high resolution, fast, 7°/y sep.)

Particle ID (u/m/K /p up to 1.5 GeV/c)

CDR
sct.inp.nsk.su

2.5 GeVe-

1.5 GeV e+

e-a
J 1.5 GeYe-

Pal e-

General purpose
detector

22




Sarov, Russia

lvan Logashenko (BINP)

PhiPsi2022
* Desigh parameters 870,649
meet the luminosity 350
= w &
requirements 0.5 | SuperkEKB 03.12.2019 8; = 1 mm
* Similar parameters — L —
, — 2 2 2 T e —
have been achieved = —— 2 -
h ” d PEPII: I{e+)=3.2 A PEPII
at other colliders . 420 472 540 47 DAFNE : I{e-}=2.45A
_ U o(keV) 115.6 204 516 84 1314
* Dynamic aperture VerlkV) 1500 2300 3000 3500 4500
was not taken into v, 0.0152 0.0162 0.0165 0.0162 0.0168
Sl 1.9 2 2 1.8 1.8
account g, % 10°  (SR/IBS+WG) 0.28/1.1 0.37/1.1 0.5/1.1 0.6/1.2 0.7/1.5
— b slmm)  (SR/IBS+WG) 3.6/14 5/14 6/14 2015 #1185
The key problem now c{nm)  (SR/IBS*WG) 2.3/7.3 4/a.9 6/4.3 SuperKEKB: L = 4.7 x 10
is to find configuration |[IEEEUIRtGIREE 087 11 1 1 ey
with sufficient /€y 0.008/0.17 0.005/0.14  0.004/0.1  0.003/0.08  0.003/0.07
dynamic aperture T —— T o —




Sarov, Russia

Detector concept

PhiPsi2022

lvan Logashenko (BINP)

Muon system and yoke

Superconducting coil

Calorimeter

A ‘Main tracker

_Inner tracker

PID system

Beam pipe

o E—

(.0 = —
(l.ll' 1.0 20 3.0 4.0 50 6.0

X.m

Momentum resolution g, /p < 0.4% at 1 GeV
Very symmetric and hermetic

Able to detect soft tracks (py = 50 MeV /c)

- Inner tracker should be able to handle 10 tracks/cm?s

Very good particle identification: e/u/m/K
- /K in the whole energy range, e.g. for DD mixing
> pu/mupto 1.5 GeV, e.g. for T — uy search
- dE /dx better than 7%

Able to detect y from 10 MeV to 3.5 GeV, good 7° /y
separation

- Calorimeter energy resolution oz /E < 1.8% at 1 GeV
- Calorimeter time resolution o; < 1 ns

Efficient “soft” trigger

Ability to operate at high luminosity, up to 300 kHz at / /v



Do fixed target experiments @ a super J/\y factory

= Super J/y factory
« e*e  annihilation @ 3.097 GeV
« O(10"%) or more J/\y events/year

= A small beam pipe
= State of the art detector

= Variety of custom removable targets
= Run@w(2S) for higher-p sources

= Asymmetric collision, large angle
collision to expand the p range

= Special detector for high mass
particles, deuteron, triton, ... 25




Baryons and anti-baryons at a super J/\y factory

ISR crlem FEARFE B /% Eug!%0 5 1% oo [% NEI(<10% | NS /(x10%

i 2.6x10" Jy—pmi 100 50 100 100 850 850
Jhy — AA 64 76 65 370 310

A 7.89 40
Jhy — pK*A 100 70 55 240 190
Jhy—33 52 49 27 150 84

)N 2.40 — 40
Iy —An Y 64 38 17 81 36
)) 4.43 Ihy—An'S 64 40 56 35 — —
Jy—EE 64 72 57 110 85

=" 8.71 20
[y —EZ7Z 64 66 49 — —
Ihy—Z'E 64 60 40 74 50

= 4.91 20
Jhy—E'7' = 64 52 30 — —
w(2S)— Q'O 44 31 11 1.4 0.5

Q 2.46 —— 20
y(28) — =K'} 64 18 4 — —

102 J/y or w(2S) events per year, target at 1 cm or 2 cm.

26



a(rzlb)
1043—
103:
1023—

10"

A hyper J/y factory with 104 J/y events?

Two ways of improving J/y
production rate:

— 1 MeV

— 0.5MeV 1. Increase luminosity

— 01hey 2. Reduce energy spread
— 0.05 MeV

— 0.01 MeV

Energy spread | Cross section
(MeV) (nb)

1 3,100

0.5 5,700

0.1 20,000
FJ/ =93 keV=0.093 MeV 0.05 29 000
: 0.01 42 000

3094 309 3008 3100 3,102/2((59\’) Numbers & plot from Yuping Guo;,



A new scheme of monochromatization?

V. I. Telnov, 2008.13668v3
Monochromatization of e*e™ colliders with a large crossing angle

E—dE
E
E_dE = =< E‘|‘dE - de e > 1 o~3oo
E,+ dE =17
Existing monochromatization scheme New scheme: Provide the beams with an angular
for head-on collisions will reduce dispersion such that a beam particle arrives to the IP
luminosity significantly with a horizontal angle that depends on its energy.

Jw/W ~ (3—5) x 107 » cW=10-15 keV @ J/y peak
and J/y is moving! 28




Potential physics studies

e antinucleon-nucleon interaction

* OZl violation

* nonvalence ss components of the nucleon

* (anti)hyperon-nucleon interaction

e (multi-strange) hypernuclei

* light hadron spectroscopy, including exotics and many others

* cross sections of antineutrons with material for the calibration of
Monte Carlo simulation codes for particle physics and medical
applications, such as FLUKA and GEANT4

* Hyperon puzzle and size of neutron stars
* Maybe more topics from nuclear physics community



Size of neutron stars & hyperon puzzle

For a review, see Chatterjee & Vidana, Eur. Phys. J. A (2016) 52: 29

n-—a-p—i—e*w;, p+ e —>n-tv,
A—spte+v pt+e —Aty,
—p+e ;; p+ e —L 4,
Y —>nte +v, n-te—I +v,
2 >Ate +v; Ade—=E 4+
s Xl by L e —E |y,

A conclusive observation of multiply strange nuclear
systems is absolutely necessary for a better understand-
ing of the role of strangeness in neutron stars. The theories
for the description of strangeness in massive neutron stars
cannot be answered without the improved knowledge of
AA interaction, for which one requires careful high preci-
sion series of investigations of such an interaction.

Pressure P (MeV

0
0

—— nucleons & leptons
= = nucleons, hyperons & leptons

—
o
—

LIS
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800 1000 1200 0O 0.5 1 1.5
Energy density € (MeV fm™)

Central baryon number density p ([’m_B)

r2
n

0.5

Gravitational mass MC (solar mass units)
J

There are several new facilities planned or under con-
struction such as in GSI in Germany, JLAB in USA and
J-PARC in Japan. These facilities will hopefully provide
much more precise updates on the properties of hyperon-
nucleon and hyperon-hyperon interactions. Experimental
hypernuclear physics is still an extremely active field of
research.

These can be studied @ super J/y factory with hyperons (and BESIII)! 0



Potential physics with direct J/y decays

. . . the SM dict
1. Precision measurement of Weinberg angle (%) B 1(%)
: " e BESII05x 107 < (AS,) €6x107]
2. CPVin hyperon decays 0.04- 1 : ( “’)_SM R PPV
. _ . " —sM | —38x107" < (&~ &)y < 03 x 107
3. New physics searches with 102" produced J/\y events 5 /an ]
_ ~3x107° < ACP) <3x107
003 HBSM sM 10.03
4] (sin2 Qef:f) /sin? O ~ 0.3% _ :
0.02} T 10.02
6‘ 0245 Energy dependence on the electroweak mixing angle i )
o
i ; ¢
0.00+ —m — . —I - 0.00
! E—— I
[ ] O (APV) ¥ eDIS L i
uQ * NuTeV : 1 - 1 B
0225?_ ) .LEPISLD ooz S . 001k = 4-0.01
3 }%gg = : Acp Ap :
%ggg’g g e ——— [ ]
S 10° 102 10 1 10 102 10° _0'02__ fp—fg | -0.0z
Q [GeV] —

A. Bondar et al., JHEP 2020 (2020) 76 X. G. He et al., arXiv:2209.04377
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Super (or hyper) J/y factory
« e*e” annihilation @ 3.097 GeV; O(10'?13) J/\y events/year
State of the art detector

 Variety of custom removable targets

High quality sources of long lived (anti-)hyperons
and n for many different kinds of experiments

Same software, similar systematic effects
No need to share beam time

No need for additional resources, additional
infrastructure, minimal further investments
Physics highlights
(D NN, _NN, YN, VN, hypernuclei, neutron star, ...
2 Precision measurement of Weinberg angle

(3 Search for new CPV source in hyperon decays 3,
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Comments on the n sources

e Although potentially extremely useful for investigating nonperturbative QCD
and nuclear structure, experimental studies using antineutron beams have been
very limited till now, due to the severe difficulties in accumulating a sufficient
number of antineutrons with known flux and momentum.

* The antineutron sources enabling quite a wide range of physics topics to be
studied, from nuclear physics to hadron spectroscopy, albeit with limited
statistics. The scattering of antineutrons on nuclei made it possible to
investigate nucleon-antinucleon annihilation inside matter without
complications due to Coulomb interaction.

* The disadvantages of CEX are obvious: the production rate is low, and the
antineutron momentum and direction are hard to control. The selection of anti-
neutrons with momentum in a specific direction results in discarding a large
fraction of antineutrons.



Comments on the Y and Y sources

* Ground-state SU(3) octet hyperons (A, 2%, =%-) and their antiparticles
have relatively long lifetimes (with a typical ct of a few centimeters)
and are essential for investigating several important physics questions,
including hyperon-nucleon interaction and the possible role of
hyperons in neutron stars.

* The relevant experimental studies started in the 1960s and have lasted
for more than half a century, using m or K beams shot into bubble
chambers or scintillating fiber (SciFi) targets. The statistics of these
experiments are low, with typically a few tens to a few hundreds of
observed events.

* New ways of high efficiency hyperon production are essential.
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