Peking University State Key Laboratory of Nuclear Physics and Technology

Lo 2 } \3
15098 PEKING UNIVERSITY ©

Search for light Dark Sectors with HIAF Muon Beams:
HIRIBL-PKMu experiment proposal

Zijian Wang
On behalf of the PKMuon Collaboration*

Zijian Wang (wangzijian@stu.pku.edu.cn) Muon4Future May 29th, 2025 1



Peking University State Key Laboratory of Nuclear Physics and Technology

Outline

- |ntroduction and Motivation

=> Experiment setup: the joint HIRIBL-PKMu experiment

=> Simulation framework

< |. Efficient signal event generation
% Il. Simulation setup
«» 1ll. Event reconstruction and selection

< |V. Results

=> Summary & outlook

Zijian Wang (wangzijian@stu.pku.edu.cn) Muon4Future May 29th, 2025



Peking University State Key Laboratory of Nuclear Physics and Technology

Introduction and Motivation

Zijian Wang (wangzijian@stu.pku.edu.cn) Muon4Future May 29th, 2025



Peking University State Key Laboratory of Nuclear Physics and Technology

Z' gauge boson in L, — L, vanilla model
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ue - ueZ' & uN — uNZ'

The Dark Sector in light (sub-GeV) dark matter scenarios includes
light mediators, such as a dark vector boson, and can induce feeble
interactions with muons through scalar, pseudoscalar, or vectorlike
particles.

In the L,, — L, vanilla model, the Z’ vector boson from the broken
U(l)Lu_Lt symmetry couples directly to the second and third lepton

generations, and their corresponding left-handed neutrinos.

In this work, we investigate the vanilla L,, — L, model using a low-
energy muon beam in the 1-10 GeV range from the HIRIBL at the
High Intensity Heavy-ion Accelerator Facility (HIAF), through ue —
ueZ', with Z' decays invisibly. The relatively low center-of-mass
energy is expected to offer enhanced sensitivity to a light Z’ boson,

particularly in the mass region around 10 MeV.
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Z' gauge boson in L, — L vanilla model ue - ueZ' & uN — uNZ'
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Experiment setup: the joint HIRIBL-PKMu experiment
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Geometry configuration of the PKIMuon Schematic Iayout & Main parameters of the HIRIBL
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Simulation framework
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Efficient signal event generation based on MadGraph5_aMC@NLO v3.5.5
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Simulation setup based on GEANT4 11.2.2

Reconstruction of three-body By + P+ 7, = (Ecom 0,0,0)
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Simulation setup based on GEANT4 11.2.2

Algorithm 1: Efficient ye — peZ’ event generation v" Signal process is appended to the inclusive physics list FTFP_BERT

function GenerateMuEZprime(E,,) v' Weight sampling is performed directly on the histogram of 4-momentum & cross section

Eu1,E,2,01,02, Hf, H5 < AdjacentGridPoints(E),);
if By, is out of the grid range then v’ Signal proportion is scaled to 1073 ~1072

return no pe — peZ happens;
end if
wy — Se=Ew2 o BuimBu R ti h 1 >

Bu1—Buz’ Eu1 =Bz’ econstruction scheme Reconstruction scheme 2

O < w101 + w202;
if Random(0, 1) < w then ->  Energy-weighted averaging of - -

i, PP H Sarnple(); // LAB ByIee sine - Energy-weighted averaging of
else electron hits _

Py Pe, Pmiss < Hj.Sample(); electron hits
end if =>  Separate muon and electron
ﬁu,ﬁeaﬁmiSS)'Ya B, «, 4) — KinematiCS(EM); // COM -> H| rnm h|n N RP
Puz  Pu SIN @ COS @, Puy < Py sin asin ¢, through PID ts patte atc g0 Cs
Puz < Pu COSQ; : : .
Pow 4= —Due — Donies._o; Doy = —Puy — Denien_y: =  Electron hits selection: reaction [1,1,1,2,2,2]
Pez < —Puz — Pmiss_z; . . L. . .
P(u/e)z_out < P(u/e)z; // Boost point & hits on RPC 3/4 -> Minimum )(2 & fit lines
P(u/e)y_out = P(u/e)y> . .

=>  Hits pattern matching on RPCs F

Q(u/e)z_ougr : 7\(/1)(,%/5)(2 +BEue)/ ?); tsp g B 12 _——
Pu_out < LhreevVector(puax, Puy,Puz); ~. _L-7
Py out < Dyu_out-RotateZAxisTo(p,); [1’1’ 1'2’2’2] a2z L
Pe_out < ThreeVector(pez, Pey; Pez); -> T, A S
e RotateZAxisTo(p); Fit lines of muon & electron c -
return o, ﬁu_out, ﬁe_out; se pa rately RPC 3 RPC 4 RPC 5

end function
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Event reconstruction and selection

Reconstruction scheme 1
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Event reconstruction and selection

Reconstruction scheme 2
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Events

E, =10 GeV, m, = 10 MeV
Event selection: y? < 6

min;.;(p;,p;) = 0.005
Yield: 109(normalized to 2.5x10* ~ 1y)
The signal rate is improved compared with

scheme 1
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Results o o
=> This is a preliminary simulation performed at the generator

level using MadGraph5_aMC@NLO v3.5.5. As illustrated in the
10-3 figure, 1-10 GeV muon beam is expected to provide enhanced
sensitivity to the sub-GeV Z' region, exceeding both current

experimental constraints and theoretical projections.

-
-—__—’

CCFR
s CHARM-II

S g:;ggi => Due to limitations in the detector response to electrons, we

o ety o observe that the signal rate in the large-angle scattering region
/: gﬂiev Y remains suboptimal after electron reconstruction. This indicates

— E:z‘lfgzvl{y potential for further improvement in sensitivity. As a next step,

[PYBLLMLWG rgJ - ig:féj& 123 we plan to apply new detector configurations—such as the
10-5 — , — Fumooeyod integration of silicon microstrip, which offers improved electron
Mz (GeV) detection performance—and to develop more advanced
Preliminary result of upper limit electron reconstruction algorithms aimed at optimizing signal
based on MadGraph5_aMC@NLO v3.5.5 efficiency.
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Summary & Outlook
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->  We study the search potential for Z' boson based on a muon on-target experiment proposal, through ue — ueX,

with X decays invisibly.

=> We focus on the usage of the 1-10 GeV muon beam from the HIRIBL-HIAF facility and aim to find high sensitivity on
10 MeV Z' range.

=> By generating samples using MadGraph5_aMC@NLO v3.5.5 and simulating the RPC-based detector system of the
PKMuon experiment using GEANT4 11.2.2, we have successfully achieved the generation of signal and background

events.

=> To enhance the accuracy of electron reconstruction and improve signal-to-background separation, particularly in
the large-angle scattering region, we are working on optimizing detector simulation configurations and

implementing more advanced reconstruction algorithms suited to the characteristics of the PKMuon experiment.
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Thank You
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