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PKU Muon Detector Development

= CMS Muon Trigger RPC:
assembled and tested at PKU
at around 2002

RPC R&D for nuclear physics
CMS GEM upgrade program
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Muon: a bridge connecting applied and
fundamental particle physics
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Muon g-2
Fundamental particle physics
* Muon g-2
* Muon EDM (Electric Dipole Moment)
» Muon CLFV (Charged Lepton Flavor Violation)

» Muon-philic DM (NA64u, MMM, this work)

Muongraphy: Non-destructive property!
* Geology:
Rock formations, glaciers, minerals, oceans and
underground carbon dioxide storage
* Archaeology:
pyramids in Egypt, Mausoleum of Qin Shihunag
* Volcano monitor:
Showa-Shinzan, Asama, Sakurajima in Japan, and

Stromboli in Italy A s
+ Tropic Cyclones monitor: B”dge n Be“'“g - Y -

Kagoshima, Japan e B ”i k "':g Yo
* Nuclear safety monitor: muSR . & " il Yow

Visualization of reactor interiors, detection of spent i ; T ol i

» Superconductivity
* Quantum spin liquid v il

Ve EDM CLFV "

nuclear fuel in dry storage barrels and nuclear waste
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Workshop on Muon Physics at the Intensity and Precision Frontiers (MIP

2024)

19 Apr 2024,02:00 — 22 Apr 2024, 12:20 Asia/Shanghai
Q@ Peking University

2 Chen Zhou (Peking University (CN)), Qiang Li (Peking University (CN)) , Qite Li (Peking University)
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MIP2024

Several possible
Chinese Muon beams
in the near future:
Melody,

CIADS, HIAF
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BrES A BHER EERR LB I RER., Large potential on muon scattering exp.
(Pre/Mid-CEPC; Quantum Physics; Muon Scattering)
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https://indico.ihep.ac.cn/event/21331/timetable/?view=standard#422-a-proposed-pku-muon-experi

Muon Philic Dark matter

Muon Philic Dark Matter may be possible or necessary!
Electron/Muons on Target Experiments
DarkShine is ~ LDMX based on Shanghai Synchrotron Radiation Facility

MMM (M3) is a US proposed muon-LDMX experiment

o Intrigued by a proposal based on CERN NA64

o “alower-energy, e.g. 15 GeV, muon beam allows for greater muon track
curvature and, therefore, a more compact experimental design...”
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Exotic Dark Matter concentrated near the Earth

PHYSICAL REVIEW LETTERS 131, 011005 (2023)

Dark Matter Annihilation inside Large-Volume Neutrino Detectors

- e

Owing to their interactions with ordinary matter, a
strongly interacting dark matter component (DMC) would
be trapped readily in the Earth and thermalize with the
surrounding matter. Furthermore, for lighter DM, strong
matter interactions allow Earth-bound DM particles to
distribute more uniformly over the entire volume of the
Earth rather than concentrating near the center. Together,
this can make the DM density near the surface of the Earth
tantalizingly large, up to ~f, X 10" ¢cm™ for DM mass of
1 GeV [8-11]. Despite their large surface abundance, such
thermalized DMCs are almost impossible to detect in
traditional direct detection experiments as they carry a
minuscule amount of kinetic energy ~k7T = 0.03 eV. A

A large amount of dark matter is

concentrated near the Earth, and
their speed is very low, making it
difficult to cause recoil signals in

experiments.

As we will see, muon DM
scattering experiment
(PKMuon) depends minorly on
DM velocity


https://doi.org/10.1103/PhysRevLett.131.011005

Muon Tomography and Muon-DM scattering

Muon Tomography Dark Matter Search
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Phys.Rev.D 110 (2024) 1. 016017



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.016017

Muon DM Box experiment. qualitative estimation

DM

_________

Surrounding tracker layers

The local density of DM is at the order of p ~ 0.3
GeV/cm?® and with a typical velocity of v = 300 km/s.
While F}, is the muon flux ~ 1/60/s/cm? at the sea level.
For Dark Matter mass Mp ~ 0.1 GeV, and detector box
volume as V ~ 1m?®. Thus the sensitivity on Dark Mat-
ter Muon scattering cross section for 1 year run will be
around

,OV/MD XOp X F,u,

op ~ 10" 2cem?

Notice for high speed muons, it is
appropriate to treat DM as frozen in
the detector volume (V ), and the
estimated rate per second could be:

One year

In the exotic DM scenario as
mentioned previously, the

limit can approach pb

10



Muon DM Box experiment: Geant4 Simulation

-> MC simulation of GEM-based detector based on Geant4
% Triple-GEM detector design refer to CMS GEM design

Muon material interaction automatically considered by Geant4 )
Reco hit position: Truth hit position smeared by GEM detector resolution (~ 200 um)

)
*
\/
k3

- DM and muon scattering: model-independent method Cosmic MUON  Mean energy: 3-4 Gev
< Non-relativistic two-body elastic scattering between muon and DM following Newtonian mechanics
% Standard halo model: DM velocity distribution follows Maxwell-Boltzmann distribution

% CRY (Cosmic-ray) model: cosmic-ray muon energy and zenith angle distributions at sea-level

Muon /

Muon
g \ Different from XENON1T/PandaX:
O gmrwa&v DM

= W on Relativistic muon hit quasi-static DM
o™ Ml

Muon-DM elastic scattering 11



Muon DM Box experiment: Geant4 Simulation

Cos0 distribution in air has no obvious
difference between that in a vacuum.

Considering cost and technical difficulfy,
vacuuming of the boxes is not necessary
in Phase | of the project.

CosB0 distributions in Maxwell-Boltzmann
velocity distribution and a constant velocity

distribution are similar. Therefore, our =—
signal distribution and detection is not
sensitive to the DM velocity model.

As the DM mass increases, a larger fraction
occupies the region of large scattering
angles, resulting a more pronounced
discrepancy between the signal and
background.

Background Event Number (x10?)
Air 1.15
Vacuum 1.14
DM mass (GeV)|Constant (%) Maxwell-Bolzmann (%)

0.005 27.10£0.01 27112 0.01

0.05 29.56 £+ 0.01 29.55 +£0.01

0.1 27.66 = 0.01 27.64 £ 0.01

0.2 ’ 25.01 £0.01 24.99 £ 0.01

0.5 21.47+0.01 21.46 = 0.01

1 18.67 £ 0.01 18.66 = 0.01

10 11.10 £ 0.01 11.10 £ 0.01

100 8.44 + 0.01 8.43 £ 0.01

TABLE I. Background event numbers corresponding to the
integrated luminosity of one-year exposure with the box filled
with air and vacuum, along with the signal detection efficiency
under different assumptions of DM velocity distribution and
mass.

12



Events/(0.02)

Muon DM Box experiment: expected results
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Muon DM Beam experiment: qualitative estimation

Scattered-out muons

The estimated rate per second:

YW Y

dN/dt = N, X op X L x p/Mp,

Muon beam

Surrounding tracker layers

For Mp = 0.03GeV, L = 1m, and N, ~ 10%/s (e.g., op ~ ]_0_15(}1112

CSNS Melody design), and one year 107s.

One year

N =10" x op x 100/cm?,
Notice the surrounding area can

Thus the sensitivity on Dark Matter Muon scattering be as small as 100 cmA?2

cross section for 1 year run will be around
14



Muon DM Beam experiment: Geant4 Simulation

Simulating 1 GeV muon beam hit
lead plate passing through GEM
detector: the inner diameter of our
CGEM detector is designed to be
50 mm, which is 5 times the
beam spot.

Orange surfaces are drift
cathodes. The blue surfaces are
GEM foils. The green surfaces are
PCBs. The yellow lines are muons
tracks. The red curves are
electron tracks. The green lines
are photons.

Cylindrical GEM (CGEM) detector structure for BESIII inner tracker system upgrade 15



Muon DM Beam experiment: Geant4 Simulation

Muon Energy = 1GeV

If the scattering angle is large enough, muons
may hit the surrounding detector.

Events/(0.02)

Mbwm \EE, (100 MeV (%) 1 GeV (%) 10 GeV (%)
0.05 GeV | 84.29 +0.04 74.85+0.04 45.93 & 0.05
0.1 GeV | 91.74 +£0.03 83.07+0.04 58.17 +0.05
0.2 GeV | 94.35+0.02 88.16 +0.03 68.37 &+ 0.05
0.5 GeV | 95.17+0.02 92.16 £0.03 78.91 £+ 0.04

1 GeV 95.34 £ 0.02 93.88 & 0.02 84.68 + 0.04
10 GeV | 95.354+0.02 95.36 £+ 0.02 94.06 £+ 0.02
100 GeV | 95.43 +0.02 95.37 £ 0.02 95.37 £+ 0.02

Events/(0.02)

TABLE II. Signal detection efficiency under different assump-
tions of DM mass and muon beam energies.




Muon DM Beam experiment: Geant4 Simulation
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https://indico.ihep.ac.cn/event/21331/timetable/?view=standard#422-a-proposed-pku-muon-experi

Current Software and Simulation Status

PKMuon Collaboration PHYSICAL REVIEW D 110, 016017 (2024)

PKMuon Collaboration

) 5 o ) Proposed Peking University muon experiment for muon
AR 3 followers @ China ¢ https://lyazj.github.io/pkmuon-site/ 9 seeson@pku.edu.cn tomography and dark matter search

) Xudong Yu,” Zijian Wang, Cheng-en Liu, Yiqing Feng®, Jinning Li, Xinyue Geng, Yimeng Zhang, Leyun Gao,
() Overview [ Repositories 10 [ Projects @ Packages A People 2 Ruobing Jiang, Youpeng Wu, Chen Zhou®," Qite Li®," Siguang Wang, Yong Ban®, Yajun Mao, and Qiang Li
State Key Laboratory of Nuclear Physics and Technology, School of Physics, Peking University,

Beijing, 100871, China

Pinned ® (Received 23 March 2024; accepted 24 June 2024: published 19 July 2024)

. A set of new methods are proposed here to directly detect light mass dark matter through its scattering
Lq PKMUON_Gd4sim ' Public Q geomu | Public with abundant atmospheric muons or accelerator beams. A first plan is to use the free cosmic-ray muons
interacting with dark matter in a volume surrounded by tracking detectors, to trace the possible interaction
between dark matter and muons. Secondly, the same device can be interfaced with domestic or international
muon beams. Due to the much larger muon intensity and focused beam, it is anticipated that the detector
can be made further compact, and the resulting sensitivity on dark matter searches will be improved.

Forked from yuxdPKU/PKMUON_G4sim Forked from lyazj/geomu

Geant4-based simulation of PKMUON Geographic Muon Simulation
®C:+ @C++ Furthermore, it may also be possible to measure precisely directional distributions of cosmic-ray muons,
either at mountain or sea level, and the differences may reveal possible information about dark matter
distributed near the Earth. Specifically, methods described here can have advantages over “exotic™ dark
matters that are either muonphilic or slowed down due to some mechanism, and the sensitivity on dark

Q pkmuon-site-src Public g root.easy-debug Public matter and muon scattering cross section can reach as low as microbamn level.
Forked from [yrarzj,"pkrgrniuron:sit}a-rsr; Forked from ')’,agj/r,o,o,tfeas,)"d,e,bqg DOI: 10.1103/PhysRevD.110.016017

source code of PKMUON site Debug CERN ROOT macros in an extremely easy way

@ stylus @c

19


https://github.com/PKMuon
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.016017

Current Box Exp. Status

4-station 20cm*20cm RPC for the moment et e

Petiroc 2A is a 32-channel front-end ASIC

7/
vt RPC#O ¥,
X
— ®
XL
CchFo%o gcoﬁizoJ_‘Trigger
X,
i : Del To
X, r Timing and X-Y position
;3 Petiroc 2A with delay-line readout
ECRER R AR method
Y

20


http://indico-cdex.ep.tsinghua.edu.cn/event/162/timetable/?view=standard#34-rpc

l Accumulated Data

3+ months data taking since Jan.
2024

Effective volume as 50cm*20cm*20cm
Total effective events as 330548,
with mean scattering angle as

0. 0252 rad

The fraction of large angle scatter
events (0 >0.2rad) is around 1.6%
There are several events with

cos 6<0. 4

Data Analysis is ongoing

More results in a recent report
from Cheng-en Liu and Qite Li

relative events
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distribution of scattering angle

— Experiment
—— Simulation

PRELIMINARY

21


https://indico-tdli.sjtu.edu.cn/event/2635/timetable/?view=standard#35-pkmu

relative events

Large angle events
Many around RPC locations

Z Events(6>0.2 rad)

. RPC#0

RPC#1

RPC#2
RPC#3

YZ Events(6>0.2 rad)

] hcos
0.03— Entries 5578
= PRELIMINARY)  |we=n  -zsar
- Std Dev 210.3
0.025—
0.02(—
0.015—
0.01 u
0.005— =
_I 111 | 1111 | L1l | L1l | 1111 I | | | 11l I | RO el | I 1111 I 11 11 gl
800 2400 300 -200 -100 O 100 200 300 400 500 -
z(mm) F
] —200E
Distance _a00f-
between 400"
. _gEal u
skew lines 50850 2150 —100 -50

100

d2h2yz

Entries 64000
Mean x 0.597
Mean y -27.94

StdDevy 214.9

150 200
y(mm)

StdDevx 64.38

RPCO
RPC1

RPC2

RPC3
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o HMEMH147251, 6>0.2radEH LIt
0.37%

o FiYELETFA0.0193rad

o XEBTMELRR{FEHENMFHDIFHT
=L, e, pi, p

o NAETEAZF KAEFEANS
HEEF (MBI EREG)

o IRHIRMET KAEISHIXKIR

o HNEZFIHEIEYRIENTIE,
FIHITI S REE FROARE S A B

relative events

1072 =

102

107

10°E

107E

distribution of scattering angle

10—6_ L1 | i |
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Current Beam Exp. Status

Interfacing with a muon beam at e.g. HIAF

; e e
Muon beam \\\j
Surrounding tracker layers
Scintillator (ToF Start) RPC (Tracker)

(ToF Stop)
) 0 ggpl ‘ __EI I:‘ﬁ,‘:l:'%]l'_"_b:"%

Cylindrical GEM (CGEM)
detector structure for BESIII
inner tracker system upgrade

Scintillator (dE)

24



Current Beam Exp. Status
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Research report on
high-precision physics
experiments at Huizhou

Big Science Facility

To appear soon
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NuFact 2024 is the 25th in the series of yearly international workshops which started in 1999 and which had

previously been called the International Workshop on Neutrino Factories.

Gavin Hesketh

Maximum time scale Minimum time scale

3 | Mvom o3 ity - o ors  17rs 1053
Byungchul Yu - =
Scalar DM search with Muon g-2: 8l =
- induce oscillation in muon mass at DM freq. i i A
L% 5 7/ 7/
_ q A T T T B PR
wa(t) =qu — Whole experiment lifetime (5 years) Bunch separation (10 ms)
‘ {
DM Mass(eV) 1072 M (bunch level) 1075 1071
+< et
DM Freq (Ha) 10-% My (sub-run level ~ O (1) seconds) 100 102

Expected Dark Matter mass range with its corresponding frequency

)

Qiang Li
Muon — DM scattering
- tomography, or muon beam

wom (©

3

Jll APS Auditorium

95% upper limit on ¢

2

L L=

10 10
DM mass (GeV)
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https://indico.fnal.gov/event/63406/

Goodman, Maury C. 17 Oct 2024, 03:02

American experimental particle physicist at the Argonne National Laboratory. He earned his undergraduate degree at the Massachusetts
Institute of Technology (1972) and his PhD (1979) at the University of lllinois, Urbana-Champaign under the supervision of Albert

Wattenberg.
APS fellow 2008, served for seven years as Leader of the ANL-HEP Neutrino Group. He has been Deputy
Spokesperson of the LBNE collaboration (2010 to present).

Dear Qiang,

Review of Nufact2024-01
C. Zhou, Q. Li and Q. Li for the PKMu collaboration,
“Probing and Knocking with Muons for Dark Matter and others”

This is an interesting paper. It presents an idea with which | wasn’t familiar; i.e. looking for large angle muon
scattering as an indication of Dark Matter-muon interactions...

| would be surprised if this was the first suggestion of using large angle muon scattering to
constrain Dark Matter. But it may be the case.

Several previous large detectors which measure muons would be sensitive to this, but may not have
calculated limits.

27


https://en.wikipedia.org/wiki/Argonne_National_Laboratory
https://en.wikipedia.org/wiki/Massachusetts_Institute_of_Technology
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https://en.wikipedia.org/wiki/University_of_Illinois,_Urbana-Champaign
https://en.wikipedia.org/wiki/Albert_Wattenberg
https://en.wikipedia.org/wiki/Albert_Wattenberg

Muography Workshop 2024 November 4-7, 2024, US

2 & & ©
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Thank you all for your participation!

We have had 58 talks
* New detectors
* New techniques
* Great progress on appling Machine learning to MT
* Artificial muon sources
* Even using MT to to look for dark matter
Next workshop

* Michael Tygat is requesting input michael.tytgat@cern.ch
discussion at lunch

* Let’s hope for exciting weather!

The organizers will work (with permission) to make talks
e web in the next few weeks

Muea Bulioam (3815

Q

0 |

[ +]
=

o~
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https://web.cvent.com/event/e1c94370-1e43-4ff5-a25a-c6b992afe6a9/summary
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https://indico.ihep.ac.cn/event/21331/timetable/?view=standard#422-a-proposed-pku-muon-experi

CLFV physics

CLFV Widely predicted in NP models

(Neutrino Flavor Violation is observed !

) q q
(f) Supersymmetry

| B

Y=

(e) Exotic Higgs

q

(d) Heavy Neutrinos

(chargcd Lepton Flavor Violation !? (CLFV))
ref1 ref2

30


https://indico.ihep.ac.cn/event/18269/contributions/136136/attachments/69981/84234/CLFV%20Experiments.pdf
https://indico.physics.lbl.gov/event/2778/contributions/8648/attachments/4309/5836/290e_lfv_s24.pdf

CLFV searches

Searching with different channels (tau, mu related) u— eee: Mu3e Experiment
can give us a better understanding of —

Recurl pixel layers S

the characteristics of new physics EENSSENETENSCESE

Scintillator tiles Inner pixel layers

MEG: Search for u+—e+y =" W%i i
Scintillating fibres

MEG, MEG-II (PSI)

Outer pixel layers

Liquid xenon detector

COBRA 29000000, (LXe)
supercﬁucting A /
y 180°
~ #
‘ s ‘\’\J u ‘
\ SP4 i
. . %4
Pixelated timing counter
(pTC) muon decay in orbit
A Muon stopping target = o=
Cvlindrical drift chamb nuclear muon capture | 4 — € VV
ylindrical drift chamber
Radiative(geDcca)y counter (CDCH) w +(AZ2)—»v, +(AZ-1)

Eur. Phys. J. C (2013) 73:2365

Muon—Electron Conversion 3
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« 2024 run in preparation

- 3 more years (including 2024) to

reach the goal of 6x10-14

. 30 discovery if the BR is above
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- PSI long shutdown in 2027-2028
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https://indico.cern.ch/event/1356341/contributions/5844400/attachments/2841451/4966934/MEG-MIP2024.pdf

A new yet economic CLFV experiment?

L Per In CLFV i Ace Aep Aer
Z’ model A= | Aue A Aur
. u_)eee )\TG )‘T/J, /\TT
pt— <+— et
. —>
u+A—e+A :ﬁhl »

aG%m3 M (sin? Oy (sin? Oy — 1/2))°
4T M, e o

(AeeAepme —I—m+ Al 1 : ; .)2 ,

e There might be more terms, with large cancellation
e No expon py—epu; No exclusive limit on AepApy (A A

D(p — ey) =




Muon-Electron Threshold Scan

Muon-electron collider " Muon-on-target
CLFV muon-electron scattering
Process M, | GeV E,/GeV E,/MeV E., |/ GeV
T I+ pe—pHp
I+ I+ CLEV 0.1 0.93 0.511 0.1101
>WZ’M< / pte~ — ete” 0.15 il 0.511 0.1501
4 0.20 928.2 0.511 0.1996
= o = 0.22 33.6 0511 0.2200
pte= — ptu— 0.25 50.2 0.511 0.2499
" g 0.30 77.2 0.511 0.2998

u+ e-— Z'— e+ e-, p+ p- Charged Lepton Flavor Violation

Resonant production Enhancement specific beam energy
X=16.7 MeV Anomaly leads to

Connecting e-mu collider and muon beam experiments specific phase space
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https://arxiv.org/abs/2302.02203
https://arxiv.org/abs/2405.09417
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.116.042501

Cross section [pb]

Muon-Electron Threshold Scan
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107 5 T o T
mz =0.25 GeV, t-channel FIG. 4: The ute™ — £1¢~ process in the (a) lab and (b)
+=0.3 GeV, t-channel COM frames.
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Prospected Results by counting r= 4" ;.42

/V%: First ever exclusive
1077 1 el limition )\ep)\pp;
+ 107 3
R 1] % 10 Challenge and
< < :
opportunity on
pease multi-muon readout
10747 1 Z-i;eee Mu3e = i:;ilgigzt z:zrlMEGll = i:;:gjgzz
0.0 0.1 o.;42' [Gevci.s 0.4 0.5 0.0 0.1 0.;42’ [Gevt;.s ocosmlc Muon or
(a) ute™ — ete” (b) pte™ — putpu~ >0(30 GeV) beam

Figure 10: The 90% C.L. upper limit of A¢, X Asm (a) and Aey X Ay, (b). The curves are
graphed with respect to M/, representing the limits of the cross section times branching
ratio. Additionally, exclusion lines from both present low-energy experiments (shown as
solid lines in purple, green and brown) and future experiments (shown as dashed lines in

purple, green and brown) are included in the plot. 36


https://arxiv.org/pdf/2405.09417

Geant4 Simulation

e Muon can lose energy while
propagating in material,
before hitting with electron

e A plugin to interface MG with
Geant4 efficiently

Algorithm 1: Efficient ute™ — £t¢~ event generation

function GenerateMuELL(E,., py., m¢)
Eu1,Eu2, 01,02, Hi, Hy + AdjacentGridPoints(E,);
if £, is out of the grid range then
return no g e~ — T4 happens;

end if
i Eup—Eu2 - En—Eu |
1 Ey1—Epz’ 2 Ep1—Epu2’
O < w101 + W202; cross section

if Random(0,1) < w; then
«a + H;.Sample();
else
« < H».Sample();
end if equivalent to « + (w1 H; + w2 Hz).Sample()

FIG. 6: Geometry configuration and pte™ — pu™ 6 ¢ Random(0, 2r);

E',p',v, B + Kinematics(E,, ms); see Appendix

event display of the experiment simulation. Other tracks B - B STy R

pat 7 (p' cosa+ BE'/2);

= = 5 P4+ + ThreeVector(pe+, py+, p=+); see Fig
are ShOWIl 1n gr&y. P+ < P+ .RotateZAxisTo(p,);
P Py — Pt % +— p, in Fig. Ba]in rotation

return o, py,p—;
end function 37



Geant4 Simulation

Cluster hits to 3 tracks

10!
3
g U . R i Background
X =52 2.2, (”h (Faa, Pis, 2n) = ”h) processes after
t=1 h=1 -1 n x
j ) = preselection (hits,
=2 Z (ﬁz (Fi1, T3, 212) — th) ~ x*(6), 207 tracks reco)

Mean contribution to energy deposition [MeV]
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Geant4 Simulation

1 signal (x10.0) 1010 1 signal (x10.0)
1 background 1 background
1 signal-truth 1 signal-truth
10°
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JL—”’"IL 10° J_LlJ”JJ\
2
:
@ 107
r “ 108
} 18—t
| ‘ ‘ | 10%
| ‘ |
0.000 0.002 0.004 0.006 0.008 0.010 0.000 0.002 0.004 0.006 0.008 0.010
max{<po, B1>. <Po. B2>. <Pr. P2>} max{<po. B1>. <Po. P2>. <P1. P2>}
(a) 3 cm Al target (b) 3 cm Al target, with e-veto
=1 signal (x1.0) 1 signal (x1.0)
[ background ) 1 background
3 signal-truth 10 1 signal-truth
) ! 10 [ 1 It
1 1
2
S 107
&
I I 108
’[ 10°
&0‘00 0.002 0.004 0.006 0.008 0.010 U,OIDD 0.002 0.004 0.006 0.008 D,dlD

max{<po, Br>. <Po. B2>. <P1, P2>}

(c) 8 cm Pb target

max{<fo, Pr>. <Po. P2>. <P1. F2>}

(d) 8 cm Pb target, with e-veto

FIG. 9: max;.;{(p;,p;)} distributions of variant tar-
get, where E,, = 50.2 GeV, mz = 0.25 GeV, and the
pte™ — ptu™ process is added with A, scaled to 10
(1) for Al (Pb). The yields are normalized to 3 x 103
targeting muons corresponding to a one-year accumula-
tion.
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AepAyy 95% C.L. upper limit
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Geant4 Simulation
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(a) 3 cm Al target, with e-veto (b) 8 cm Pb target, with e-veto

FIG. 10: 95% C.L. upper limit results of variant target.
The yields are normalized to 3 x 10'3 targeting muons
corresponding to a one-year accumulation.
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https://indico.ihep.ac.cn/event/21331/timetable/?view=standard#422-a-proposed-pku-muon-experi

Muon Electron Scattering

e MuonE exploits 160 GeV Muon beam to measure muon
electron scattering, and a precise determination of the leading
hadronic contribution to the muon g-2.

e Muon electron scattering at lower energy (~GeV) may be
interesting to SM test itself, and Quantum entanglement probe
PRD 107, 116007 (2023):

ne— pe

Quantum
Entanglement n \/ n
g2=t<0
@ (b)
” e e /\ e FIG. 15. The red regions correspond to the values of p and € for

which the final state is entangled at low—< 30 MeV—(a) and
high—< 1 GeV—(b) energies.
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https://web.infn.it/MUonE/
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.107.116007

LHC experiments at CERN observe guantum entanglement at
the highest enerqy vet

Corrlated

N

Classd  coretlabrm hee,

SUSY2024
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https://home.cern/news/press-release/physics/lhc-experiments-cern-observe-quantum-entanglement-highest-energy-yet
https://home.cern/news/press-release/physics/lhc-experiments-cern-observe-quantum-entanglement-highest-energy-yet
https://indico.cern.ch/event/1354279/contributions/5714378/attachments/2873703/5032375/SUSY24_Barr_Entanglement_and_collider_physics.pdf

Tao Han 2024/10/15

Quantum Tomography @ Colliders
with or without decays

Tao Han
Pitt PACC, University of Pittsburgh

ATLAS, Oct. 15, 2024

=~ In the framework of QFT, in the HE regime at colliders,

TH, M. Low, A. Wu, arXiv:2310.17696;
K. Cheng, TH, M. Low, arXiv: 2311.09166; 2407.01672; 2410.08303

2022 Nobel Prize for physics:
"pioneering quantum information science”

EPR:

Clauser Zeilinger Aspec

Go! QM Go!
, QFT: most precise theory in science!
Our goals:

* We lay out the QM predictions / information.

* We calculate the QM correlations / entanglement

* Hope to establish the quantum tomography.

* Understand quantum nature & seek for BSM effects.
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https://indico.cern.ch/event/1460916/contributions/6150725/attachments/2948029/5181251/2024.CERN.pdf

High Energy Test of QM

+ At very short-distances (high-energies), QM might be modified.

d f localit h i Classical Quantu
sense of locality may change (again) S S :;:1' nir:s e
- QM might be modified to be married with gravity - ra—
large < - > small
* How can we falsify/test QM? dswice
(B) = ((AB) + (A'B)) + ((AB') — (A'B')) & : .
A% Bell inequality
(B)Lr < 2 Local-Real [CHSH 1969] b p B & .Q%
=5 C g .
(B)ou < 2v2 ] QM [Tsirelson 1987] i1 L. <B e

bb =+lor —1

— High-energy test of Bell inequality is important for testing QM, (rather than testing HLVTs).
+ Possible modification of QM?
- No-signalling theories: (B)xs < 4 [Cirel'son (1980), Popescu, Rohrlich (1994)]

- Non-linear extensions of QM: [Weinberg (1989), Polchinski (1991), D.E.Kaplan, S.Rajendran, (2021)]

i) = [ & [Aiw) + MO @R 0x()]

non-linear state-dependent term
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https://conference.ippp.dur.ac.uk/event/1300/timetable/?view=standard#27-sakurai-prospects-for-quant

arXiv:2410.23343

Flavor Patterns of Fundamental Particles from Quantum Entanglement?

Jesse Thaler* and Sokratis Trifinopoulos’
Center for Theoretical Physics, Massachusetts Institute of Technology, Cambridge, MA 02139, USA

The Cabibbo-Kobayashi-Maskawa (CKM) matrix, which controls flavor mixing between the three
generations of quark fermions, is a key input to the Standard Model of particle physics. In this pa-
per, we identify a surprising connection between quantum entanglement and the degree of quark
mixing. Focusing on a specific limit of 2 — 2 quark scattering mediated by electroweak bosons,
we find that the quantum entanglement generated by scattering is minimized when the CKM ma-
trix is almost (but not exactly) diagonal, in qualitative agreement with observation. With the
discovery of neutrino masses and mixings, additional angles are needed to parametrize the Pon-
tecorvo-Maki—Nakagawa—Sakata (PMNS) matrix in the lepton sector. Applying the same logic, we
find that quantum entanglement is minimized when the PMNS matrix features two large angles
and a smaller one, again in qualitative agreement with observation, plus a hint for suppressed CP
violation. We speculate on the (unlikely but tantalizing) possibility that minimization of quantum
entanglement might be a fundamental principle that determines particle physics input parameters.
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https://arxiv.org/abs/2410.23343

Muon Electron Scattering for QE

* Lab Frame (electron at rest)

ne— pe

0.005
Quantum 1.00 ® E,=1.0GeV, prnin=1e03 GeV
® Eu=1.0GeV, prmin=1le-04 GeV
Entanglement 0.99 ® E,=10GeV, pr.mn=1e-05 GeV 0.004 -
® £,=1.0GeV, pr,min=1le-06 GeV
0.98
- 5 0.003 1
@
w £
§ 0.96 §
3
E 2 0.002
oss: 1GeV
" Muon
0.93
" 0.000
e 0.92 LY

T T T T T T T T T
0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08
electron E

P4 p=VE?-—m?

p1 = (E1,0,0,[p1]) p3 = (E3, [p3|sin 64,0, |p3|cosby)
I‘ -
e P = (me; 0, Oro) Pa = (E4, |p4|Sln 92, 0, |p4|C0592)

K e & Energy -Momentum relation & Energy conservation:

Ei+me=FE3+ E,4

E,=1.0 GeV, pr,min = 1e-03 GeV
Ey=1.0 GeV, pr,min = 1e-04 GeV
E;;=1.0 GeV, pr,min =1e-05 GeV
E;;=1.0 GeV, pr,min=1e-06 GeV

0.0

0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
electron theta
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Muon Electron Scattering for QE

pe— pe

Quantum
Entanglement

Maxe.08.00) (P15 P2, 03, P4) —> M(a; a0 xs.00) (O Oc, E3)

p _ M>‘3a)‘4M§\_3X4
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Quantum state p

®

N §
L 4
-——— - -

Kun Cheng.!** Tao Han,!*! and Matthew Low!-?
'PITT PACC, Department of Physics and Astronomy,

(Dated: October 14, 2024)

colliders

Quantum Tomography at Colliders: With or Without Decays

University of Pittsburgh, 3941 O’Hara St., Pittsburgh. PA 15260. USA

The interpretation of groups of particle spins at colliders as quantum states has opened up the
possibility of using colliders for quantum information. While most efforts have focused on utilizing
the decays of the particles to infer their spins to reconstruct the quantum density matrix, we show
that the production kinematics of the particles provides sufficient information about the spins to
establish quantum tomography without using the decays. We perform a comparative study. high-
lighting the advantages and disadvantages of using this “kinematic approach” relative to the usual
“decay approach.” Since the kinematic approach leverages the simplicity of scattering kinemat-
ics, this approach promises to achieve the optimal statistical results for quantum tomography at

PITT-PACC-2408

https://arxiv.q

rg/abs/2410.08303
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https://arxiv.org/abs/2410.08303

QE criterion ref

ref2

- BTFAERERE{: Peres-Horodecki criterion : IR £ H R S ( joint state) I EEE
FE YR % & (partial transpose) § — N IEIERIATEE, MEFSPHFEMULE.

An A ... A Aii A1:z e Al
o= | A”. p’h=AflA”..
A:n A, AL AL,

- Altp"s REBDA— P AREER KL
* Negativity is useful : N = Y, (M"lz_l")
* N =0: no entanglement

.2 N>0:entanglement present!

o EFYUYEA/IN: concurrence C[p]

p = (oy ®ay)p*(0y ®ay)

W

C(p) = max(0, A1 — Az — As — Ay)

A RRIEEFEMAIEER: 4, > 22 > A3 > A4

S(J[p]SIX

:

49


https://link.springer.com/article/10.1140/epjp/s13360-021-01902-1
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.116007

Be

Simulated QE results
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Simulated QE results
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https://indico.ihep.ac.cn/event/21331/timetable/?view=standard#422-a-proposed-pku-muon-experi

u+e
—X
(missing E)

Flavor Changing Dark X

Muon electron (mu+ e-) annihilation into missing energy signal

Similar proposal (ERC supported POKER) for e+e- annihilation
o Phys. Rev. D 88 (2013), 114015
o Phys.Rev.D 104 (2021) 9, L091701 PQKER
o Exp results with NA64 POsition résonant

Muon beam energy can be lowered down
o If X mass is small enough

Can be interpreted as Br(mu->e+X) for low mass X
o and compared with TWIST M+

To be implemented within G4

o QOur own implementation
o Orusing DMG4

annihilation into
darK mattER

Al
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https://poker.ge.infn.it/en/news/
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.88.114015
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.L091701
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.L031103
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.91.052020
https://www.sciencedirect.com/science/article/pii/S001046552400122X?via%3Dihub

Muon's two body ‘decay’

Lepton family number violation by searching for y—e Xo
Previous limit from the Twist Collaboration: Phys. Rev. D 91,

052020 (2015)

We are aiming at muon on target searches (works also for Xo
heavier than muon).

o Require Calorimeter to veto backgrounds

o Can also be put under flavor changing Dark Matter

ot — e+ X + N
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.91.052020
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.91.052020

Muon nuclei scattering

U

Muon Nuclei

Muon Nuclei Coherent
Scattering, Weak
Form Factor Scattering

Various scattering experiment to
measure nuclei structure
o JLAB 12-24 GeV electron
scattering
o CERN COMPASS and
AMBER muon project
With 0.1-1 GeV Muon beam,
we may measure
independently
o Nuclei (charge) form factor

o Coherent Weak scattering
O
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https://www.jlab.org/physics/GeV/status
https://wwwcompass.cern.ch/
https://www.home.cern/news/news/physics/meet-amber

Muon nuclei scattering for weak mixing angle and neutron skin?

@ PRISMA+

The role of the weak mixing angle

JGlu

The relative strength between the weak and electromagnetic interaction is determined by the weak mixing angle: sin2(6yy)
e e
E
'
p | p

Qyu(p) =1-4sin28y
weak charge of the proton
Qu(n)=-1

& g

P P

Q.(p) = +e
electric charge of the proton

model

sin2 By: a central of the ible through the weak charge

-
p-Target

Measure Flux of Scattered electrons:
- no pile-up (double count losses)

- sensitive to small electr. fields.

- no separation of phys. process

PVES QWeak

Parity Violating Electron Scattering: powerful tool to measure both the nuclear weak charge and the

weak nuclear radius
Polarized electrons that scatter off a nucleus: both electromagnetic and weak interaction

/ Weak distribution
GrQ* QwFw(Q?)

Aypl= = - -
PP e, +to_ Z F.,(Q2
- 4-1'[(1\/7 en(@)—0nugy Charge distribution

Charge distribution is
well known from
electromagnetic
scattering

Polarized electrons — build an asymmetry

o, —0_

Nuclear Weak Charge

Interaction mediated
by the photon and so
mostly sensitive to the

Interaction mediated by
the Z boson and so
mostly sensitive to the
weak (neutron)
distribution.

~_L ¢ This formulais in PWBA,
g Coulomb distortion effect

Cha.rge.(p".)ton) must be taken into account

distribution

Qweak Collaboration
Nature 557, 207-211 (2018)

-

However, need polarized muon beams?
These electron beam energy ~ 1 GeV

Low energy muon may give new ways (coherent) to

probe weak distribution? 56


https://indico.cern.ch/event/1400714/contributions/6107397/attachments/2932969/5150964/Maas_2024_EPIC_CalaSerena.pdf
https://indico.mitp.uni-mainz.de/event/250/contributions/3741/attachments/2868/3271/NicolaCargioli.pdf
https://indico.mitp.uni-mainz.de/event/250/timetable/?view=standard#3-nuclear-weak-charges-and-neu
https://www.nature.com/articles/s41586-018-0096-0

Muon nuclei scattering

e Rare Muon Nuclei scattering processes to be measured

and explored.
e \Verify Geant4 Simulation Tool
e Sensitive to various BSM, including
o the Zprime CLFV,
o or DM decays into visible signals

Muon Nuclei
Interaction,
BSM

57
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https://arxiv.org/pdf/2401.12573

Dark Matter from Muon nuclei scattering

n e Exploration of the Muon g-2 and Light Dark Matter

explanations in NA64 with the CERN SPS high energy
muon beam

e Our limit may be weak than NA64mu.

e Can still be used to verity Geant4 Simulation Tool

u+N

L+X+N

X
Dark Matter

I7i
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.132.211803

Milli-Charged Particle Searches

Telescope e Heavy millicharged particles may be
—Cosmic ray produced from the atmosphere when high
\ l / energy cosmic rays collide with nuclei
Atmosphere o Theoretical predictions here

7 / (Meson decay) e Can be detected at PKMu detectors
o PID and optimization to be done.

=y
§
>
§
k<]
<
i)
%)
S
@

Also from meson decay

FIG. 2. Feynman diagrams for MCP production through pro-

Milli Charge Particle ton bremsstrahlung (left) and the Drell-Yan process (right). e



https://indico.cern.ch/event/1109611/contributions/4771666/attachments/2445284/4191468/Yu-Dai_Tsai_MCP_MM.pdf
https://arxiv.org/abs/2406.01668

Muon Bundle from Cosmic Ray

Hu
4

wop BoLY

Muon bundle

Multi-muon bundles in cosmic ray showers detected,
e.g., with the DELPHI detector at LEP

o Could be sensitive to heavy ion elements in CR
With large area PKMu detectors, it is possible to
detector muon bundles and trace back to the origin
points in the atmosphere (~O(10) km )
Again, challenges and opportunities to read out
muli-muons!

number of events

muon multiplicity
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https://www.sciencedirect.com/science/article/pii/S0927650507000916
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Melody:

Melody, CIADS, HIAF Muon beams

approved and the first Chinese Muon beam will be built in 5 years.

Proton
Power (kW)

Pulse width (ns)

Muon
intensity (/s )

Polarization ( %)

Positron (%)

Repetition (Hz)
Teminals

Muon Momentum
(MeV/c)

Full Beam Spot
(mm)

HIAF & HIAF-U

= BRing-N: 34Tm, 569m, 3Hz

= SRing: 17(25)Tm, 270.5m, accumulation/compression

= BRing-S: 86Tm, 3Hz, superconducting
= MRing: 45Tm, superconducting, beam merging

Particle (GeV/u) Intensity (ppp)  Est. time

Up to 100 Up to 100
130 to 10 500 130 to 10
105~ 10° Up to 5*10° Up to 5*10°
>95 >95 50~95
<1% NA <1%
1 Up to 5 Up to 5 FAIR 2.7
2 1...2 2 FNAL 2:3
30 30 Up to 120 o
10 ~ 30 10 ~ 30 10~30

~30 MeV,

~100 MeV,

B2+ 5%10! 2025

197 Au32+ 4X10° 2022
P 6.8X 1013 2028

lJXUSS4 2X 10|z

Vs 1X 1012 2032
p 4x1014

~1GeV

2, BB R R HIAF>
(/\‘ /—\

Muon research

iLinac up to 200MeV/u
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https://indico.ihep.ac.cn/event/20601/
https://indico.ihep.ac.cn/event/20601/timetable/?view=standard#29-ciads-and-its-plan-of-muon
https://indico-tdli.sjtu.edu.cn/event/1465/timetable/?view=standard#51-toward-a-muon-source-in-hia
http://csns.ihep.cas.cn/ywdt/202311/t20231116_763353.html

PoCA

=> The point of closest approach (PoCA) algorithm

i £ \‘:“ o
\ 1 fo
T ol
-> The angular scattering distribution is approximately Gaussian \ .
13.6MeV [L L. 136 [L i |
., 0g=———4[—[1+0.0381n ] ~
2 ﬁcp LO

’ AOZ+AOY [ p
TE— P 46,40, \
Lrad P LO
o ; e i

p: momentum, fic: velocity, L: depth of the material, L, 4: radiation length of the material

L EEE

=> Scattering strength: establish a nominal muon momentum (3 GeV, for example), and define
the mean square scattering of nominal muons per unit depth of a material
.y 13- 6) 5
= (—— 805
XX [
Po L !

Particle with
momentum p and
velocity i

< depends only on material radiation length, and varies strongly with material Z Materal | § T

with %

-> Multiple muons income and scatter with material, and we measure it in two orthogonal i ;
planes x and y. If we know the path length L; and the momentum p;, of each muon through l
the material: S w.

.2 9 -+ 97
W A== Z ( -
i=1 '




Drift cathode 3200V

Gap Sizes  Potentials Voltags El Fiekds
xV/em)

f Dﬂft 3mm v 26
. 2 g . GEM suesssnsnnnnnnns :;:: 30V 640
=> Triple-GEM detector installed in the CMS experiment Transfer 1 wov 0
GEM2 snwgseuenunnnunn 7OV gev 20
** Improve trigger capabilities and muon measurements 1L Transfer2 -
P gg P | i
= At GEM3 mm SEENEEEEE. ::: M0V 600
< Excellent performance: rate > 10 kHZ/cm~, time resolution ~ 8 ns, e 3@ %“;'ndumo" s
5 . eadout —— — ov
spatial resolution ~ 200 ym b
Amplifier

Schematic view of a triple-GEM detector

=> Electron amplification structure and flexible readout structures

-> Pixel readout VS resistive anode readout method

7

% Challenge: Large amount of small pixels
% Good comparable spatial resolution but less electronic channels

=> Design our exclusive readout for the specific requirements of PKU-
Muon GEM detectors.

% Hit position reconstruction algorithm ongoing Structure diagram of the basic resistive anode cell
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https://indico.cern.ch/event/1356341/contributions/5821031/attachments/2841489/4967027/20240421_yuxd_MIP_PKMUON.pdf

(a) Prototype glass RPC

R PC Compact Muon Solenoid (b) One RPC hod ith two struc!ure
_ get X and Y signals respectively

(a) (b)

- RPC — R. Santonico(in 1980s)

% simple and robust structure, long-term stability, good timing
resolution, easy-maintenance and low cost

oot ST

-> PKU RPC R&D History

% CMS Muon Trigger RPCs, asPembIed and tested by PKU (2002) N T
< Combination of glass RPC & Decay-line Readout (Qite Li et. al.) g : f
E K 'j /3 Steamer Twesma.

- Glass RPC MT Prototype in 2012 S /,.4"" '

< Effective area of the e|ectrode: 20 % 20 cm? s o oo 120000

% Readout electronics: decay-line, charge-division methods Efficiency curves for the glass RPC
- Good and stable performance so far! Ez '

% Positional resolution: ~0.5 mm, detection efficiency: > 90% ) -

-8 6 -4 -2 0 2 4 6 8
X1-X2 (mm)

Distribution of X1-X2
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https://indico.cern.ch/event/1356341/contributions/5821031/attachments/2841489/4967027/20240421_yuxd_MIP_PKMUON.pdf

