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Z' gauge boson in L, — L vanilla model
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=>  Dark matter remains one of the deepest unsolved puzzles
in particle physics. In minimal sub-GeV thermal freeze-out
scenarios, the dark sector must contain light mediators
with feeble couplings to the Standard Model — making
their detection both essential and experimentally

challenging.
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One of the most well-motivated and theoretically clean example

is the vanilla L,, — L, model, where a new gauge boson Z'
emerges from a broken symmetry U(1)L”_LT . It couples

exclusively to u, 7, and their neutrinos — not to electrons or
qguarks at tree level. Naturally, muon beams are the ideal tool to
probe this.

Within this model, Z' decays invisibly into neutrinos. The signal
is @ missing energy event: a u scatters off an atomic e, and the
outgoing particles carry less momentum than expected — the
missing piece is carried away by the undetected Z' .

In this work, We use a 1-10 GeV muon beam from the HIRIBL
facility at HIAF. The low center-of-mass energy is a deliberate
advantage: it provides world-leading sensitivity to very light
bosons, particularly in the O(10MeV) mass region that higher-

energy experiments struggle to access.
https://arxiv.org/abs/2409.10128
https://doi.org/10.1103/PhysRevlett.132.211803
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The Joint HIRIBL-PKMu Experiment
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Geometry Configuration of the PKMu Schematic Layout & Main Parameters of the HIRIBL

Scaﬂe"ed ¢

-

HIAF aera Ci&Dsiaera L

pbeam

Recoiled
particle

\

arator

: i Main-Sep
Silicon microstrips - D1 PF2 = D4
Target Scintillator 29 a*
8 detector |\ L/Shts

Slits
I\IF3

a g;scrinsiizzay Beamline Entrance G MF4 *"Nf S / MEFS
Collimator !
Production target D5 D6
Dark Atom
Elect
J Matter M:tu::n' 09 Parameters Value
/’ Length [m] 192
RMS of beam spot at the target [mm] o, =04, 0, = 0.6
< Max. magnetic rigidity [Tm)] 25
u e Max. angular acceptance [mrad] x'=430,y'=+25
Max. momentum acceptance +2%
= 5 copies of silicon strips (2 upstream & 3 downstream) proton 0% KO e — e
->  major distance: 500 mm / minor distance: 200 mm p beam T
-  sensitive area: 100 mm X 100 mm momentum (GeV/c] 3.5 L 0 -
> flux intensity [u*/s] 8.2 x 10° 3.5 x 10° 1.8 x 10° - <
25 module readout muon purity 2.0% 0.80%  0.60% ’/ |
=> Target setting : 100 mm * 100 mm * 20 mm graphite

https://arxiv.org/abs/2502.20915

Zijian Wang (wangzijian@stu.pku.edu.cn) MIP 2026 April 26t 2026


https://arxiv.org/abs/2502.20915

Peking University State Key Laboratory of Nuclear Physics and Technology

Event Generation and Simulation
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Work flow for event generation

Algorithm 1. Efficient ye™ — pe~Z’ event generation.

function GenerateMuEZprime (E,)
E,.Ep,0,,0,,H , H, < AdjacentGridPoints(E, );
if E, is out of the grid range then

return no ue~ — pe~Z' happens;
end if
C < Wl()'l + Wr0r;
if Random(0, 1) < w; then

P> Pe> Pmiss < Hy.Sample(); // LAB -
elsg L -
p/.l‘ Pes Pmiss < HZ'Sample();
end if

Pus Pes Pmiss- Vs B @, ¢ < Kinematics(E,); // c.m.
Pux < DySinacosg, p,, < p,sinasingp;

Pu; < Pucosa;

Pex < _p/l.\' — Pmiss_x> pe_\‘ S _pu_\‘ il
Pez < _p;l: — Pmiss_z>

p(,u/e)_\'_out S p(,u/e)_\'; /I Boost
Puje)y—out < P(u/e)ys

p(y/e )z—out Y(p(;c/e + ﬂE(y/e /2)
p,, out < ThreeVector(p”‘ Py Duz)he
p}, _out < Dyu_out-RotateZAxisTo(p,,);
Peow < ThreeVector(pey, pey: Pe:);
Pe_out < pe_out RotateZAx1sTo( D.):

return o, p;l —out» pe-out’
end function

pP miss_y ;

https://geant4.web.cern.ch/docs/#tor-toolkit-developers
https://arxiv.org/abs/1405.0301
https://arxiv.org/abs/2410.20323
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(b) COM frame

including all

relevant electromagnetic and hadronic backgrounds.

Weight sampling is performed directly on the histogram of momentum & cross section.

107 events are generated then scaled to 2.5x10* ~ one-year run.

~

MadGraphb aMCENLO

(v3.5.5) generates ue — ueZ’ ' and later reweighted to any

events across a grid of beam

energies £, and Z' masses m/. 1

/GEANTél (v11.2.2) simulates\
detector interactions, with pe —
pueZ' implemented as a discrete
process following the generated

~

Events are produced with g, = 1

coupling via a global cross-section

- section and kinematic distributions,

udnematics. 4‘J
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ﬂinergy interpolation between grid\

points ensures smooth cross-

preserving angular correlations
\while accelerating generation. BJ
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Event Reconstruction and Selection
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Work flow for event reconstruction
-=>  Two-stage tracking:
* Upstream (X-Y layers): Convert hits to pyhsical positions; fit first 2 layers = reconstruct incoming muon tracks.
* Downstream (X=Y + U=V layers): Combine X-Y hit pairs; validate using rotated U/V modules (45°/135°) = reconstruct outgoing
tracks and resolve ambiguities that would otherwise be very difficult to handle.
=>  High-quality event criteria:
* One hit per upstream layer, two hits per downstream layer - unambiguous tracks.
* Vertex determined by minimizing track distances along the beam axis.
=>  Energy and vertex validation:

* Qutgoing particle energies recorded at the 5th silicon layer.

* Reconstructed vertex confirmed near target position (Z =-=100 mm).

Event 16044 - X vs Z Event 16044 - Y vs Z Event 14512 - X vs Z Event 14512 -Yvs Z
581 e Xhits 54 5 N m Yhits
® Uhits P R 54 . ®  Vhits =
=== Incoming S SN === Incoming
56 Outgoing 1 53 = RN Outgoing 1
Outgoing 2 . 52 . o © 60 Outgoing 2
52 N o
&
54
= - 50 —— e ————— D . U
o - S [ N . 55 T

52 50 e I e S A 48
E £ Y E E
3 E £ E -
* s0 ==z=ooas g . S * 46 ~ S

——mm—————— ettt -1+ T T T B e ettt o ~ =l e g oo
_________________________ a8 28 SN 50 - ettt S R
o LS . T —— - -
ad SN T
e =
45
4 ~
. ®  Yhits LIS a2 e Xhits
4 ® Vhits . ® Uhits
=== Incoming e ¥ a0d " Incoming N
=== Outgoing 1 LN === Outgoing 1 \\
44 44 Outgoing 2 » Outgoing 2 > 40
-600 -400 -200 0 200 400 600 -600 -400 -200 0 200 400 600 =600 -400 -200 0 200 400 600 -600 -400 =200 0 200 400 600
Z (mm) Z (mm) Z (mm) Z (mm)

Zijian Wang (wangzijian@stu.pku.edu.cn) MIP 2026 April 26t 2026 11



Peking University

. %
: S i :
- L]
: I g n a :
- -
- L]
- L]
LA L
*esnssnsnsannnnnnnnnnnn®
le9
i 3.0
|
9{ i 9
f 2.5
'l
81 2.0 8
> 9 > '3
s € v B
O a H Q .
= | ¥ 158 ¥
w i w ]
7{ B 71 b
5 |
6 6
to.5
f
. . . . . . LLoo . . . . .
0.01 0.02 0.03 0.04 0.05 0.06 0.02 0.04 0.06 0.08 0.10
<Po,P1> <Po, P2 >
le9
3.0
41 25 4
2.0
34 3 =§
1 k
S l > i
v E 2 9} %
) 152 2 b
) L =
w, | w, | E:
1.0 .
1 1
o5
. . , : . . LLoo . . . . .
0.01 0.02 0.03 0.04 0.05 0.06 0.02 0.04 0.06 0.08 0.10
<Po,p1> <Po.p2>

Lower E,,, Higher E., Smaller 8, Smaller 6,

Zijian Wang (wangzijian@stu.pku.edu.cn)

le9

le9

4.0
3.5
3.0
2.5

2 3

205 o

S =

w
1.5
t1.0
to.5
Lo.o
3.5
3.0
2.5

2.0 <

8 2

2 ©

© L

F15 w
1.0
to.5
Lo.o

MIP 2026

State Key Laboratory of Nuclear Physics and Technology

E,=10GeV myz = 30MeV

T T T T
0.01 0.02 0.03 0.04

T
0.05

T
0.06

<Po, P1>
0.01 0.02 0.03 0.04 0.05 0.06
<Po,P1>

Higher E,,, Lower E,, Larger 0, Larger 0,

le9

r0.2

le9

1.0

0.8

0.6

r0.4

r0.2

Counts

E, [GeV]

Ee [GeV]

RLLLLLLLLELL LR L LL L L LI L L L L LN

le8

ro0.2

le8
1.6

14

1.2

1.0

o
L=
Counts

r0.6

r0.4

ro.2

—0.0

.

.

.

.

.

.

.

\J

Y ssssssssssssssnsssnnennnunnuannnnnnunnnnns’

.Ei'l"'il

0.02 0.04 0.06 0.08 0.10

<Po, P2 >
T T T .v T

0.02 0.04 0.06 0.08 0.10

<Po, P2 >

April 26t 2026

12



Peking University

Results
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* Use 80% of the events for
training and hold out 20%
for validation.

* Hyperparameters are
tuned by monitoring the
ROC curve and the log-loss
evolution.

* OnlyE, is used.

* E, can be directly measured by the ECAL, and it
is strongly correlated with the muon energy
through kinematics.

* |t carries a lot of discriminating power on its own.

* Adedicated BDT is trained for each mass
point, with the score threshold optimized
to maximize signal significance.

* An additional final cut is applied to further
suppress background and enrich signal.

* The SM background is reduced to a
negligible level.

Zijian Wang (wangzijian@stu.pku.edu.cn)
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BDT Overtraining Check
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100 mass points analyzed for each beam energy (4 GeV & 10 GeV).
For each point, Optimal BDT threshold chosen to maximize signal
significance; final event selection applied.

95% C.L. upper limits on g, derived using the likelihood test
statistic: Z = 2(us + blog(b/(us + b)))~x2(1) .

We reach sensitivity at the 1073 level around @(10MeV) , which is
already competitive with existing experiments.

A multi-station telescope setup, such as the 40-station MUonE
experiment with 10 cm lead targets replacing graphite, could
surpass all current experimental constraints in the low-mass region.
With a conservative estimate of 10" MOT per year, the MUonE-
inspired search would still provide world-leading constraints on the

light Z' dark boson.

~100 cm |

e
M2ubeam e o | IO
150 GeV/e I -
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Summary and Outlook
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-=> We proposed a muon-on-target experiment with GeV muon beam to search for light dark sector particles within
the L, — L, model, focusing on the process pe — peZ’ where the Z' decays invisibly.

-> The detector design follows the PKIMu concept with silicon tracking 2S modules, enabling precise vertex/track
reconstruction and angular measurements.

=> By applying a dedicated reconstruction algorithm and BDT-based selection, we achieved effective background
suppression and obtained competitive upper limits on the coupling g .

=> For 4 GeV & 10 GeV muon beam with a 20 mm graphite target, the projected sensitivity for upper limit reaches
the 1073 level in O(10MeV) mass region at 95% C.L. corresponding to a one-year run; under the MUonE setup
with 40 stations and 10 cm Pb targets, given the same background suppression capacity, the expected upper limit
could reaches 10~% ~107>.

=> The proposed HIRIBL-PKMu experiment establishes a solid foundation for future precision muon physics studies
and opens up a new avenue for exploring dark sector physics at low energies.
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Back Up
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Three-body final state

hase space futlet 1= (Eeom 0.0,0)
p p
(Pux + )2+(P/,Ly + )2+(Puz + )2+me2 = (Ecom Eu - )2
+
(plflb)/ /1, ..........................................................................
phab / _________________________________ Ecomz + mMZ + — mez ..................................
pte——— et R : Bicos <p, 2 >i= 5 Ecom E,(Ecom )
m T~ et B2 e
(pleab)/ . A .......................................................................... C
B
(a) lab frame
. (PCOM) _a pit (A2 — C*HP,* - 24BP, + (B? - (*m,?) =0
,U+ p/‘ / /
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(b) COM frame
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The Kinematics of the Theoretical Calculation for e — ue Elastic Scattering.
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