Probing charged lepton flavor violation and quantum entanglement in muon
on-target experiments

Leyun Gao'? for the PKMuon Collaboration™

1State Key Laboratory of Nuclear Physics and Technology, Peking University

2School of Physics, Peking University

MIP 2025, Changsha, China May 18, 2025

Based primarily on: arXiv:2410.20323, arXiv:2411.12518, arXiv:2502.07597, and arXiv:2503.22956
*https://lyazj.github.io/pkmuon-site/categories/activities/ and [1-5]


https://arxiv.org/abs/2410.20323
https://arxiv.org/abs/2411.12518
https://arxiv.org/abs/2502.07597
https://arxiv.org/abs/2503.22956
https://lyazj.github.io/pkmuon-site/categories/activities/

Outline

© PKMuon experiment and software framework

© PKMuon CLFV study

e PKMuon quantum entanglement study

@ Summary, references and backup

Leyun Gao (PKMuon) PKMuon target experiments for CLFV and QE May 18, 2025

0/28



periment and software frar

Outline

© PKMuon experiment and software framework

PKMuon target experiments for CLFV and QE May 18, 2025 0/28



B -1 Yoo ettt il
The PKMuon Experiment

n u " u
RPC
GEM
fe—pp pe—pe p+N
Dark Matter CLFV N
Quantum
Entanglement et+X+N
v
U u X-vv, e H u | e e X
X—e+e-

Read more in Qiang Li's talk yesterday.
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https://indico.ihep.ac.cn/event/24109/timetable/?view=standard#55-pkmu-hfrs-probing-and-knock

PKMuon detector simulation framework

= ) rrvuon

@ overview Kl Repositories 12 [ Projects @ Packages A Teams A People & |+ Insights &3 Settings
PKMuon Collaboration
PKMuon Collaboration Open the link for more details
Astolowers @ china &P =
Pinned Customize pins

[ PKMUON_Gdsim  pubic 0 pkmuon-site-src  pubiic

Forked from yuxdPKU/PKMUON_Gasim Forked fram lyazi/pkmuon site-src
Geant4-based sim surce code of PKMUON site

®c+

atien of PKIMUON Earliest edition
Phys. Rev. D 110, 016017 (2024)  ®* Collaboration Website

{ PKMUON 2024 | public Current editién (3 mudet | public

Muon detector simulation

Prtuen softae {eneral, extensible, human-friendly
o A2 arXivi2410.20323 (2024)  ©

Minimal detector implementations

0 dfv  public ] DMG4  public
CLrv simultion sty Adapion] Simulation o Dark isttr producton with Geanta
o ) . o ) .
° Extension: provides CLFV processes ~ © Extension: provides DM processes
[ Repositories
© Find a renository Tooe v | tanauaae « | son - (NETORER

PKMuon target experiments for CLFV and QE

8-+- 0one@

Follow

@ View as: Public ¥

You are viewing the README and pinned repositories

You can create a README file visible to anyane.

Get started with tasks that most successful
organizations complete.

Discussions

Set up discussions to engage with your
community!

Turn on discussions

People

&8 1089

Invite someone.

May 18, 2025 2/28


https://github.com/PKMuon
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.016017
https://lyazj.github.io/pkmuon-site/categories/activities/
https://arxiv.org/abs/2410.20323

PKMuor

Outline

© PKMuon CLFV study

PKMuon target experiments for CLFV and QE May 18, 2025 2/28



CLFV and recent studies

CLFV (Charged Lepton Flavor Violation):

@ Strongly suppressed due to the tiny neutrino masses in w W
the Standard Model (SM): BR(u — e7) ~ 10754-10755

@ Can be significantly enhanced in various BSM models

FIG. SM 1 — e~y decay process

Dedicated low-energy muon experiments, such as u — ev, set limits on A. A, and
Acpyy coherently according to Ref. [6] as

aGymi My, (sin2 Oy (sin2 Oy — 1/2))2
4t M3},

2
()\ee)\eume + AepApumy, A A+ ) ,

T(p—ey) =

The gray part involving 7 and BSM contributions is not considered in previous works.
Strong interference and cancellation between the terms shown or omitted are possible,

allowing the existence of terms with very large modulus, highlighting the necessity to
probe each term individually.
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PKMuon CLFV stud

Theoretical model and simulation setup

The U(1) Z" CLFV model:

@ Has the same gauge coupling and chiral strength as the w* W .
SM Z boson except for allowing CLFV quantified by M g g
Z,
)‘ee )‘ep, AeT -
A= )‘ue )‘;m /\uT 3 ‘ e !
Are Ay Arr FIG. U(1) Z’'-mediated CLFV

relative to SM, with the diagonal elements equal to 1 and processes

the off-diagonal expected to be near 0

The PKMuon detectors for e~ — p = measurements:
@ Applies to cosmic-ray and artificial muons
o Cost-effective: no magnetic/calorimeter, giving 2 average heuy
momentum directions for each track, without magnitudes
@ 3 RPCs per group to suppress muon decay products

o A scintillator PID system downstream RPCs to reject

A"
(ionization/bremsstrahlung) electrons (not plotted)

FIG. PKMuon RPC tracker for

o Generalizable (from DM detection) to other experiments o/ oo
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PKMuon CL|

Efficient new physics modeling

X FeynRules MG5_aMCGONLO
U0 Mo (HE Eves

Geant4

. Reco
Analysis Raw Events

LHE events for arbitrary new physics can be efficiently and conveniently generated
through FeynRules and MG5_aMCG@NLO
@ For various Z’ masses and incoming muon energies (incoming muon energies should
be varied for muons passing the first 3 RPC layers)

@ However, efficient only for bunch of (at least ~ 10%) events per mass/energy setup

Our speeding-up solution to avoid event-by-event launch of MG5_aMC@NLO
Pre-acquire the cross section and kinematic distributions for interpolation. J
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Efficient new physics modeling

FIG. Lab and COM frame event display
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FIG. s- and t-channel cross sections
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FIG. ute™ — putu~ event distributions in the COM

frame with varying incident E,,.
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PKMuor

Efficient new physics modeling

Algorithm: Efficient ute™ — £7£~ event generation

A - 10 ao 100

function GENERATEMUELL(E,,, B,,, m;) 10000 0532 0832
E 1, E,5,01,09,Hy, Hy o o fo00 o
ADJACENTGRIDPOINTS(E, ); g o 02098 §a000 0z

if E,, is out of the grid range then 4000 0132'¢ 0132
t 4 - ¢e— h . 2000 0.083 2000 0.083
return no pe” — appens; 005 5052

end if e Moon S Noon
E -E, E,1—E

wy — E LWy — E‘ul—Eu ; a[mrad] amrad]
Eu1- ;42 u1—Eu2

0 w01 +wWy04; // cross section (a) myr =0.22 GeV (b) m,, =0.30 GeV

if RaNpoM(0,1) < w; then
o < H,.SAMPLE(); // polar angle

1000 1000
else 2000 0.832 3000 0.832
a < H,.SAMPLE(); 0525 0525
end if 1 3000 oxLs PEn.
X § 02008 § 0209
¢ < RANDOM(0, 27); // azimuthal angle & 2000 o1md @ 01 d
E’,p’,v, B + KINEMATICS(E,,, m,); 1000 0083 1000 0.083
;. y . . L | foos2 0.052
Pyy + P’ sinacos ¢, Py+ < P’ sinasin b, 0 N . . oo o . . - Wooss
Par — (p/ cosa + L—}E//Q)< aimrad) almrad]

Py  THREEVECTOR(D ;s Dyts Pt );

p+ - p+ ROTATEZAXISTO( )i (c) my4 =0.50 GeV (d) m,, =0.80 GeV

fet:np; B p;, . FIG. p*e™ — putu~ event distributions in the COM
) '
end function frame with varying incident £,
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PKMuon CLFV stud

Detector simulation with background

X FeynRules MG5_aMCGONLO
UFO Model LHE Events

Geant4

. Reco
Analysis Raw Events

Background-included signal detection simulated by Geant4 11.2.2:

@ ute™ — €70 : subclasses G4VDiscreteProcess

Simulated upon physics list FTFP_BERT

Signal (or background) definition: whether (or not) CLFV happens
@ Signal rate is scaled to 1073 to 1072 to balance precision and efficiency

@ Allows a step length up to 1073 times MFP assuring granularity
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PKMuon CLFV study

Detector simulation with background

The PKMuon RPC tracking detectors:
@ 3 RPCs/group x 2 groups
@ minor/major distance as 200/500 mm
@ 2D pixel readout (0.7 mm Exp., 0.5 mm MC)
o trigger as 1 MeV (1/2 mean muon Edep.)

FIG. pre” — pt event display

CLFV can happen outside the target, but those events are unintended for measurements
and will be filtered out by event selection.

The parameters here and the target selection are to be optimized.
Since the measurement is insensitive to the focusing of the incoming muon beam, the

beam is considered to be monochromatic, impinging perpendicularly to the detector and
distributed uniformly over the area of the RPC module.
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Event reconstruction and selection

X FeynRules MG5_aMCGONLO
UFO Model LHE Events

Geant4

. Reco

Pre-requirements:
e Comparing none/perfect electron rejection
e #hits on RPCs 0-5: [1, 1, 1, 2, 2, 2]
Reconstruction of 2 outgoing tracks:

@ Step 1/3: match hits on RPC 3 and 5

e expecting 2 tracks diverge from a single point
o i.e. minimizing the sum of the 2 resulting track lengths
e eg. BF+AE < BE+ AF

@ Step 2/3: add hits on RPC 4, minimizing total x? error
@ Step 3/3: Recompute (fit) spatial lines BDF and ACE

Leyun C (PKMuon) PKMuon target experiments for CLFV and QE
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Event reconstruction and selection

Event distribution:

1 signal (x10.0) 1 signal (x10.0)

1 background 1 background

@ key signal feature: 3 highly collimated o = Sgnatinn o = signatanuh
tracks (in: 0; out: 1, 2) ‘

o distributed discretely due to limited
detector granularity

Events

0.000 0.002 0.004 0.006 0.008 0.010

<Po. B2>
@ signal and background remain largely
separated = v | = wecgns |

101 3 signal-truth 101 1 signal-truth

Event selection:
e ?<6

Events
Events

5 o
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£ background 1 background FIG. Event distributions for £, = 50.2 GeV,
10% — X6) 101 1 signal-truth
2. P my =0.25 GeV, and A, scaled to 10. The target is
100 a 30 mm thick aluminum block. The yields are

normalized to 3 x 1013 muons on target, corresponding

0 2 [ 8 10 0000 0.002 0004 0006 0003 0010t 3 one-year run.

<b. B>
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PKMuon CLFV stud

Results and discussion
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Pb (R) targets, with e-veto, for a one-year run FIG. Event distribution before final selection

Background events are vanishing, raising requirements on a higher statistics in the future.
Finer selection can also be enabled in a higher statistics.
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PKMuon quantum er

The current absence of free-traveling leptons in QE measurements

@ The ATLAS and CMS Collaborations recently observed quantum entanglement
involving top quarks at a center-of-mass energy of 13 TeV, marking the highest
energy measurements of quantum entanglement to date [15-18]

@ Most studies on charged lepton QE have concentrated on the decaying tau
leptons [19-25], while less attention has been given to electrons and muons

@ Solid-state quantum computation was established in 2005 with electron pairs
confined in semiconductor quantum dots [26]: entangled states were prepared,
coherently manipulated, and measured

o No similar experiment has been done with free-traveling electrons as measuring
the spin of a single traveling electron poses a significant challenge due to
interference from its orbital motion [27]

Our proposal

Conduct a first measurement of the polarization correlation between charged lepton
beams through joint measurements of their individual polarization-sensitive scatterings off
two separate targets.

PKMuon target experiments for CLFV and QE May 18, 2025 13/28



PKMuon quantum entanglement stud:

Outline

e PKMuon quantum entanglement study

PKMuon target experiments for CLFV and QE May 18, 2025 13/28



PKMuon quantum entanglement stud:

Theory: Concurrence, CHSH inequality, and the kinematic approach

e Entanglement can be quantified by concurrence [28-30], defined as
Clpp) =max{0,A; — Ay — Ay — Ay} € [0,1] (1)

for a two-qubit system, where \; (\; > \;, Vi < j) are the square roots of the
eigenvalues of the matrix p (03 ® 05)p}(0y ® 03). If € > 0, the two-qubit system is
entangled.

e The CHSH inequality, I, < 2 [31], is the Bell inequality for a two-qubit system. The
optimal (maximal) I, [32] evaluates to

I, =2/ + Ay, (2)

where \; and ), are the two largest eigenvalues of the matrix CTC, and C is the
correlation matrix calculated by C;; = Tr (p; (0, ® 0;)). I, = 22 is the upper limit
of the quantum mechanics.

o In addition to the decay approach used for decaying particles, the kinematic
approach [33, 34] can reconstruct quantum states from production kinematics,
applicable to stable particles produced in simple QED scatterings.
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PKMuon quantum entanglement stud:

Electron-muon entanglement sources via muon on-target experiments

Concurrence C(py): Optimal I,: @ Simulated by
R I .+ MG5_aMC@NLO
i o R 3.5.5 [35] in tree-level
QED with non-zero
~ I ) - >l lepton masses

) @ The light gray regions
depict C(py) =0 or
I,<2

i .. @ Assuming a 1-day run

’ ’ Y .. with a 10 GeV muon

el ' . « ll..  beam of flux 10°/s on

o 10 cm Al targets, the
expected number of
events with C(py) > 0 is

2.6 x 10%

Eheam/G&V Ecom/GeV CPf)max Ou.max/Mrad 0, oy /mrad £, mln/GeV E,, mln/GeV op/ub 0g g>0. amrad/pb
1

0.111 0.22 0.9 10.2 0.92 0.08 0.56 0.56
10 0.146 0.044 2.8 3.3 5.2 45 0.39 0.39
160 0.418 0.0014 4.6 0.5 10 145 0.027 0.022
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PKMuon quantum entanglement stud:

Electron-positron entanglement sources via positron on-target experiments

Concurrence C(p):  Optimal I:

///
///

The angular ranges exhibiting @(pf) > 0 in the
center-of-mass frame are significantly broader

The theoretical upper limits for both C(p;) and I,

in quantum mechanics are nearly reached as 9;+
approaches 3

Assuming a 1 GeV positron beam with a flux of
102 /s directed at a 10 cm thick Al target, the
expected entangled event rate is 1.9 x 10%/s

A golden region for measurements:

- Fpeam = 1 GeV, 0.05 rad < 60_+ < 0.1 rad

- 23.4% of all events with C(p;) >0

- £>0.094 GeV, 6 >0.0103 rad

- C(py) reaching up to 0.953 and I, up to 2.8281

Ebe’mm/GeV Ecom/GeV C™*(p,) I

E7/GN Er /G 67 Jrad 02" /rad oy /pb

0.032 0.9996 2.8281
3 0.055 0.9997 2.8282
10 0.101 0.9997 2.8282

0.008 0.389 0.0255 0.0028  243.6
0.023 1.166 0.0147 0.0016 82.1
0.074 3.890 0.0081 0.0009 26.5
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A first electron-positron beam correlation measurement proposal

cosey

FIG. Proposed cascade experiment for measuring

cos6y

polarization correlations of the primary products

-05 00 05
cos8

Simulation setup:

@ 0.05rad <63 <0.1radinal GeV FIG. Joint angular distribution densities of the two
positron on-target experiment secondary scattering processes

@ The spins of target electrons 5 and 6 are

. . . . Assuming the two secondary targets are 10 cm
aligned with the beam direction

thick iron, the event rate in cos 6, < 0.5 A
o Consider the main component of the —0.75 < 09 < 0.75 is 1.4 x 102 /s for the state
primary state, (LL + RR)/v/2 (LL+ RR) /V2.
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PKMuon quantum entanglement study

Future prospects: Scattering-based simplified state tomography

Take 0.05 rad < 65 < 0.1 rad in a 1 GeV positron on-target experiment as an example:

The state of the primary products is approximately 1% (RL + LR)/v/2, 1%
(RL—LR)/V2, 7% (RR — LL)/V/2, and 90% (RR + LL)/+/2 in the lab frame
The optimized ratio of the yields of (LL + RR) /v/2 to UU is 1.29 + 0.03(MC),
corresponding to 4.4 x 103 post-optimization efficient signal event counts and an
expected signal yield over a 27-second run; the result for (LR 4+ RL) /v/2 is
0.78 + 0.02(MC) in comparison

Other uncertainties, such as those from process modeling and background
suppression, may dominate the real experimental analysis

For the 20% polarized targets, the ratios are 1.010 4+ 0.009 and 0.986 + 0.009
generated from 25 times the number of Monte Carlo events, corresponding to
2.5 x 10* efficient event counts accumulated in 680 seconds

The high event rate can help mitigate the decline in resolving power associated with
low target polarization purities in real-world applications

A simplified state tomography can be performed assuming prior knowledge
from the primary scattering
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Summary, references and backup

Summary

PKMuon CLFV experiment:

o Exclusively sensitive to A, A,

@ A novel and generalizable efficient event
generation algorithm

e pute” — ptp~ simulation shows the expected
95% CL UL on X, A, ~ 107° with Z’ mass
~ 0.25 GeV for a one-year run

o Comparable with the LHE-level simulation in

Ref. [7] (figure on the right)

PKMuon quantum entanglement experiment:

|

U~ eee 1~ ey MEGII

H-ey HN - eNCOMET/Mu2e
UN-eN —— £,=0.93GeV
uoeeeMule — E,=111Gev
01 02 03 04 05
Mz [GeV]

@ GeV-scale muon and positron on-target experiments as controllable entangled

lepton pair sources

@ Quantum entanglement and the CHSH inequality violation are present

o A first measurement of the correlation between entangled free-traveling lepton

pairs is proposed to verify the entanglement

PKMuon target experiments for CLFV and QE
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PKMuon detector simulation framework
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PKMuon detector simulation framework
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Quantum entanglement measurements — history and today

@ As reviewed by C. N. Yang [8], the first experiment on quantum
entanglement is the Wu-Shaknov Experiment published in 1950 [9]
in which the angular correlation of two Compton-scattered
photons arising from e*e™ annihilation are measured

The violation of Bell inequality was demonstrated in 1970s using

entangled photons [10-12], confirming the non-locality of our
universe

o Alain Aspect, John Clauser and Anton Zeilinger won the Nobel
Prize in Physics in 2022 for demonstrating the potential to

investigate and control particles (photons) that are in entangled
states [13]

Electron (1) P Electron (2)
1
1

Rositron Source q ( /)
0.\\ 2 & ¢.-\/ SN H—};Q@ 7 |
T RE | S
o Claneer

-
Y Quanta X

Photon
Photon

FIG. Angular correlation effects [14] demonstrated by FIG. Clauser’s photon entanglement experiment [13]
the Wu-Shaknov Experiment
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Relevant activities

@ 20'+10’ oral report in Quantum Observables for Collider Physics 2025

@ 20’ oral report in Workshop on Quantum Entanglement at the Energy Frontier
(scheduled on Apr 26)

@ 30’ oral report in Muon4Future 2025 (scheduled on May 26-30)

Quantum Entanglement in H—ZZ Process
at Lepton Colliders

Alim Ruzi & Leyun Gao (cospeaker)

Peking University, Beijing. China

Quantum Observables for Colhdel Physncs 2025

Galileo Galilei Institute for Theoretical Physic

In collaboration with Qiang Li, Andrew Levin, Ruobing Jiang, Youpeng Wu, et al

Based on JHEP 10 (2021) 211 & PhysRevD 111 (2025) 5, 036001
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https://agenda.infn.it/event/44563/timetable/?view=standard#24-testing-bell-inequalities-a
https://indico.ihep.ac.cn/event/24387/timetable/?view=standard#5-a-first-test-on-spooky-actio
https://agenda.infn.it/event/42349/contributions/262717/
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PKMuon quantum entanglement experiment prospects

@ GeV-scale muon and positron on-target experiments are examined as controllable
entangled lepton pair sources through the kinematic approach

@ Quantum entanglement and the CHSH inequality violation are present in the primary
scattering products

o A first measurement of the correlation between entangled free-traveling lepton
pairs is proposed to verify the entanglement

@ The electron-positron beam polarization correlation measurement can be conducted
with a high event rate at many domestic positron beam facilities

Process Incident flux  Primary event rate  Secondary coincidence rate

wem — ue” 10°/s 2.6 x 10*/d (not estimated)
efe” —ete 10%/s 1.9 x 10%/s 4.4 x 10% )y
ete —ete 1012 /5" 1.9 x 10%/s 1.4 x 10%/s

*Possibly from the beam dump of the STCF.
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