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1. Why a new dark U(1) gauge boson? — Commonly referred to as a dark photon
A’ or dark gauge boson Zp.

2. Existing constraints and projected sensitivities from future experiments in the Zp
parameter space.

3. Motivations for muon colliders (MuC) as future collider experiment.

4. Search for heavy (TeV scale) Zp at MuC via annihilation channel ™ p™ — Zpy.



Why a new dark U(1)p gauge boson

= Dark matter (DM) particles may interact with each other through a new dark
force that is similar to the electromagnetic force felt by ordinary matter.

dark forces?

A schematic representation of the dark-sector paradigm

= The dark gauge boson Zp that mediates this force can obtain a small coupling to
the electromagnetic current due to kinetic mixing between the SM hypercharge
and U(1)p field strength tensors via the operator

€
LD ﬁF;“,B‘“’7 € is the kinetic mixing parameter
cos Oy

= The dark Zp obtains a mass mz, via a dark Higgs or Stueckelberg mechanism.
The minimal dark Zp model has only three unknown parameters: mz,, € and Zp
to DM branching ratio (1 if kinematically allowed, 0 if forbidden).



(A) DM (x) is heavier than Zp (secluded DM): The DM freeze-out is obtained by
annihilations to pairs of on-shell Zp (xx — ZpZp) followed by Zp decay to SM
particles.

= In this scenario the decay of Zp is restricted to the visible (SM) sector only.

(B) DM (x) is lighter than Zp: The DM annihilation is via xx — Z}, — ff
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provides thermal target — large € and small mz,.

= In this scenario, for mz, > 2my, Zp — xx decay is nearly 100%.



Production of Zp in accelerators

Bremsstrahlung: e~ Z — e~ ZZp and

pZ — pZZp where an incident electron or
proton radiates Zp during an interaction
with a fixed nuclear target of charge Z.

. Annihilation: ete™ — Zpy at an ete™
collider.

Drell-Yan: qg — Zp, where a quark and
antiquark annihilate into a Zp, which
could occur at a hadron collider or when a
proton beam is incident on a fixed nuclear
target.

Meson decays: mg — Zp~y or n — Zp~y for
mz, < Mryn at any experiment where
mesons are produced at high rates.
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Production of Zpy: Bremsstrahlung, Annihilation, Drell-Yan and

Meson decay.




Decays and search strategies

invisible

Visible (SM fermions) and invisible (DM) decay modes of Zp,.

Visible decay:

1. The visible decay modes can be prompt if
€ 21073 x 10MeV/mg,,.

2. Non-prompt or displace decay for smaller
€ and mz,. Tz, o (EQmZD)_l.

Invisible decay:

1. if mz, > 2my, Zp decays to DM by
100%

2. Seach strategies look for events with an
imbalance of energy and momentum.

3. Search for the rare interactions of the DM
particles in a detector placed downstream
of the Zp decay point.



Current Constraints and projected sensitivities

Existing limits

Visibly decaying Zp:

1. Current constraints from electron
beam dumps (red), proton beam
dumps (light blue), et e~ colliders
(green), pp collisions (dark blue),
meson decays (purple), and my(GeV)
electron-on-fixed-target experiments
(yellow).

Projected sensitivities

2. Proposed future sensitivities with the
same color schemes.

"Searches for dark photons at .
accelerators", arXiv: 2104.10280
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Existing limits and Projected sensitivities
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Invisibly decaying Zp:

1. Constraints and proposed sensitivity
from ete™ colliders (green), electron
beam dump (red) and meson decay
(purple).

2. Constraints on the invisible Zp — xx
scenario in the (my,y) plane.
Searches for dark Zp produced in
proton beam dumps with the
subsequent scattering of x particles in
a detector placed downstream of the
Zp decay point are shown using light
blue.

"Searches for dark photons at
accelerators", arXiv: 2104.10280



Why Muon Colliders (MuC)?

Advantages:

1. Future muon colliders (MuC) could be ideal for achieving both high energy
and high luminosity.
2. Reduced synchrotron radiation %(£)*, compared to e*e™ colliders.

3. A few TeV MuC is as efficicient as a 100 TeV hadron collider.

4. Much lower background compared to hadron colliders.

Disadvantages:

1. Muons are unstable with a lifetime of 2us.
2. Difficult to produce low emittance muon beams.
3. Beam induced backgrounds or BIBs.

MuC is at the conceptual stage...



Probing TeV scale Zp at MuC

= For a heavy Zp with a mass above 1 TeV, constraints become weaker.

= Existing studies have focused on pp colliders via the Drell-Yan process
pp — Zp — UX.

= At HL-LHC (14 TeV & 3 ab™!), the projected sensitivity reaches ¢ ~ 102 and
101 for mz, ~ 1 TeV and 2.5 TeV respectively.

= At FCC-hh (100 TeV & 3 ab™1'), can improve to ¢ ~ 4 x 103 and 3 x 1072 for
mz, ~ 1 TeV and 2.5 TeV respectively.

= At MuC 2 — 2 and 2 — 3 annihilation channels:
1wt~ — Zpy
2. ptu= — Zpvv
3. whu™ = Zpptu~
with p2* > 10 GeV, |n| < 2.5 and E. > 10 GeV.
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The 2 — 2 annihilation ptp~ — Zp~y appears most promising
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Zp decay modes

= Two key decay modes at the MuC: Zp — j j X (inclusive dijet) and Zp — eTe™.

= The inclusive dijet mode combines multiple hadronic final states (qg, tt, 77, and
WW) maximizes the signal yield.

= ete~ mode provides a cleaner final state compared to the ut = decay mode.

Branching Ratios for Z, Decays

— z-aa
— 7t

—_— -z

= The signal is categorized into:

Loptp= = 2Zpy, Zp—jjX

Branching Ratio

2. wtu= — Zpy, Zp —ete”
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Photon recoil mass

= For the process

1 (p1) + 1™ (p2) = Zp(pPz,) +v(Py)
The recoil mass of the photon is defined as

2 2 __ 2
Mrecoil = (p1+ p2 — p”/) = mgz,
= s—2/sE,

The recoil mass measures the mass of Zp independent of its decay mode.

= At the detector, the photon recoil mass (myecoil) and eTe™ invariant mass (mee)
distributions depend strongly on the energy resolutions of v, e—, e™.

= Typically the energy resolution is expressed as:
AEN? a(n)\? , [ b(n)\?
(BE)" = (22 4 (22)" 4 ety
(5 VE (5
A. mz, — /s, E; =0 = sharp photon myec distribution.

B. mz, < /s, Ey > 0 = broad photon mycj distribution.

C. mee distribution exhibits the opposite behavior.
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Photon recoil mass myecoi (blue) and the eTe™ invariant mass me. (orange) for
utp= — Zp(— ete )y at /s = 3 TeV and 10 TeV MuC.
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The Myecoil and me. distributions were then fitted with Gausian distributions to
obtain the widths Amyecoii and Ame. as the standard deviations of the Gausian fits.
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Key characteristics:
1. Amyecoil decreases with increasing mz,,.
. For a fixed mz,, Amyeco increases with V/s.

2
3. Mmee increases with mz,.
4

. AMyecoil and mee intersects around mz, ~ +/s/2.
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Signal and background

= We consider scattering processes within |r| < 2.5;

p) > 20 GeV; p/ > 100 GeV and p2°2 > 20 = Two different mass window cuts:

GeV for the leading and subleading jets or electrons.
. S g 3 1. Miecoil = mzg, + 2AMyecoil
= To categorize the two channels we require:

b s 2o (g = mz, + 2A Mee
jiX I = T= . = Dominant backgrounds:
Ne,;, =0 lepton veto with pr > 20 GeV o
g 1 optp= —=jjy

an
Ne > 2 N"/ >1 2. ;,L+/,07 — e*e"y
ete v
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20 contours for detecting Zp through the processes: ptu~ — Zp(— jjX)y (left)
and ptp~ — Zp(— ete™ )y (right).

20 for Zp(— e *e ")y at MuC
VE=3TeV,£=1ab"
6TeV, £ =4ab
VS =10TeV, £ =10ab™?

20 for Zp( - jjX)y at MuC 101
Vs =3TeV,£=1ab™?

107t

VS =10TeV, £ =10ab?

,,,,,, me, cut

w 10-2 * Mee cut

w1072

Mrecoil CUt

Miecoil CUt

10 3 4 5 6
Mz, [TeV]

-3
10 7 8 9 10 1 2

5 6

Mz, [TeV]
Phys.Rev.D 112 (2025) 9, 095010

= jj X mode, mycoj selection cut can be used only.

= eey mode, both the myecoii and mee selection cuts can be used.

= For the eey mode, the optimum choice is: Myecoil cut for mz, > 1/s/2 and mee
cut for mz, < /s/2.

= Statistical significance:

S=4/2 |:(”s +np)In (M) - ”s:|y Stot = szjX +Se26'v 17

np




20 (solid lines) and 50 (dashed lines) contours for detecting Zp, combining the
processes: utu~ — Zp(— jjX)y and ptuT — Zp(— eTe ).
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= The eey mode outperforms at low mz, and jj X mode outperforms at high mz,.
The improvement of combining both the channels is betweed 3% — 10%.

= 20 contours of HL-LHC and FCC-hh shows that MuC clearly outperforms at
hingher mz,.
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Conclusions

= Brief overview of dark Zp boson. Current constraints and future
sensitivities on the mz, — ¢ space.

= Brief discussion on muon colliders as future collider experiment.
= Search for heavy Zp at MuC via annihilation channel utu™ — Zp~.

= Optimised the photon recoil mass and the electron-positron invariant mass

cuts to achieve the best sensitivity.
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Backup

Background cross sections in units of tb

Processes Vs =3TeV Vs=06TeV | /s=10TeV
prpT = gy 5.01 x 10 1.40 x 10 5.44
ptp™ —etey 9.31 2.75 1.10
phrp” = WiWw—~ 2.55 x 10 1.01 x 10 4.86
wtp= oty 5.37 1.63 6.67 x 107+
phpT =ty 3.24 1.07 4.58 x 1071
utp™ = 22y 2.25 8.30 x 107! 3.82x 107!

Background cross sections
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| Cut-flow of cross sections (fb) for pu*u~ — Zp(— jjX)y at a 3 TeV MuC with L = 1 ab™* ‘

| Mz, =1TeV & ¢ =0.01

Cut Zp(= i)y Jiv WHW=y | 7ty thy Siap-1
Basic 7.69 x 1073|| 142x 10 | 1.15x 10 1.08 1.86 447 %1072
|mj, —mw|>20GeV 634 x107%|| 1.20 x 10 3.75 1.08 151 4.64 x 1072
[Mrecoit — Mz | < 280Mecon || 347 x 1073 19.37 x 1072{8.47 x 1072 [1.01 x 1072|129 x 1072 || 2.40 x 10!

| Mz, =27TeV & £=10.01

3.12 x 1072{[3.32 x 1072{6.22 x 1073 [4.20 x 10| 7.72 x 103 3.96 ‘

[msecoit = Mz | < 2Amuecoit

Table II: Cut-flow of cross sections in units of fb for the signal ptpu~ — Zp(— jjX)y with e = 0.01
and Mz, =1 TeV and 2.7 TeV at the 3 TeV MuC. The significance S, ,,-1 is calculated assuming an

integrated luminosity of 1 ab=!. Note that Amecon and Am,, values depend on My,,.



‘ Cut-flow of cross sections [b] for ptp~ = Zp(—= jjX)v at a 10 TeV MuC with Lo, = 10 ab™" ‘

‘ Mz, =1TeV & £=0.01 ‘
Cut Zn(= ji)y Jin WHW=y | 7ty tty Sioan-1
Basic 5.09 x 107* 1.21 186  |1.37x 107! {291 x 107" {|2.69 x 1072

|mj, —mw| > 20 GeV 4.02 x 1074{[9.25 x 107! |5.14 x 107 | 1.33 x 107! | 2.78 x 107" || 2.93 x 1072

[Mrecoit = Mz, | < 28 ecoi || 2.28 x 1074 || 4.55 x 1072{9.00 x 1072 [4.49 x 1073 |9.23 x 1073 || 5.85 x 1072

‘ Mz, =9.7TeV & =001 |

[Mirecoit = Mz | < 2AMecon || 1.18 x 1072 [ 3.18 x 107%{9.43 x 107*[3.95 x 10~ [1.20 x 10~ 12.4 ‘

Table ITI: Cut-flow of the cross sections in units of fb for the signal u* = — Zp(— jjX)y with 0.01

and Mz, = 1 TeV,9.7 TeV at the 10 TeV MuC. The significance Sy ,,-1 is calculated considering an

integrated luminosity of 10 ab~!. Note that Amyecoy and Am,, values depend on M. Zn-



Final selection results for p* i~ — Zp(— e*e™)y at a 3 TeV MuC with Lo =1 ab™!

Mrecoil CUL M, CUL combined

sig [fD] Stab-t i [fb] Siab-t sig [fb] Stab-

Mz, =1TeV |[6.01 x 107*| 1.69 x 107" | 6.88 x 10=*|3.75 x 107" || 3.79 x 10=*{3.04 x 10~*

Mz, = 2.7 TeV|[5.91 x 1073 2.12 571 x 107 7.37 x 107" || 3.23 x 10~ 1.61

Table V: Signal cross sections and significances for u* 'y~ — Zp(— ete™ )y at a 3 TeV MuC with
Liot = 1 ab™!, shown for Mz, =1TeV and Mz, = 2.7 TeV. We fixed ¢ = 0.01. Results are presented
after basic selection, Eee, > 0.9y/s cut, and three final selection criteria: (1) myecon cut, (2) mee cut,

and (3) combined cut applying both conditions.



