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Why U(1);, 1,7

Minimal and predictive: Anomaly-free with SM fermions only

Massive /' after symmetry breaking: Couples to i, 7 and their neutrinos

Leptophilic: Evades many electron- and quark-based constraints at tree level

Beyond (g—2), : Testable via collider and neutrino probes



Why Extra Dimensions?

Possible Solutions to Open Problems:

o Addressing the hierarchy problem
L. Randall and R. Sundrum, Phys. Rev. Lett. 83, 3370 (1999), hep-ph/9905221 (4)

Map

(3)
Myp

e New dark matter candidates and cosmological implicaions
(2)

Myp

T. Lee, Y.-D. Tsai, Phys. Rev. D114, L.011701 (2026) )
T -I..I',.F

Rich and tastable phenomenology: ()
J'H'”J

Compactification of the extra dimension — an infinite tower of Kaluza—Klein (KK) modes

;
Low energy experiments
[Sub-GeV] [e.g. beam-dump]|
Broad KK mass spectrum from the tower | =======> <
[ TeV] Next gen. High-energy colliders

le.g. future muon colgder]
\




5D U(1).,1-Model [Flat Geometry]

Gauge S
moup  (@p e d) (Lier) L) (LLm)
Ul),, ., 0 0 1 10
> Twisted (Neumann, Dirichlet) boundary conditions ==> no massless zero mode
V(”)(n:123---) man
o 5 =y 7/ ' ! M d f t
ode function:

/ T Infinite M4 4
| | = e (GOE RV
No kinetic mixing v \Usm) = ~5)

Y y=mR| —— ? i M3
Our earlier work / / :: M, = (2n - 1)mKK M2 T
D. Chakraborty et al., R 1
Phys. Rev. D 110, 095030 (2024) =l mgg — lowest order KK mass — Mj—=
8- Note: One 5D gauge boson ==> an infinite tower of KK states




The 4D Effective Lagrangian

Nth KK mode

Z [__ (”)V(n)“’/ + ;M2V(“)] Under the assumption

. of zero kinetic mixing
Y Free part
BE o TR o)
€1, T \ /
~
Effective 4D gauge coupling Interaction part

With electron type; no interaction

With muon type; [summed over KK tower]

Interaction of KK modes == v [proposed muon-based machines]

With tau type; [summed over KK tower]

Extremely short 7 lifetime — difficult to produce and manipulate 7 beams!!! | 5




Why Muon-Based Colliders for Our Model?

LHC (pp COLLISION) MUON COLLIDER (1t~ COLLISION)
Composite initial state Elementary initial state
P o
4+
POFs O = L X
p g N
g .
\\ \\
e
o Z d z
POFs o — 5 // =
r e.% p 122 X
T
PARTONS CARRY A FRACTION OF PROTON MOMENTUM; WELL-DEFINED +/5;

VARIABLE S, HADRONIC ENVIRONMENT CLEAN PARTON-LEVEL COLLISION

v Can probe the gauge interaction directly at tree level

4 Muons are much heavier than electrons thus reduce the synchroton radiation

v Low-energy experiments (e.g. beam-dump exp.) can access only a limited number of KK
modes [upto O(10) GeV]

probe
4 KK enhancement in the signal ==> both KK modes of mass MeV as well as TeV scale

6



M TRISTAN Muon Collider

Future Muon-Based Colliders

Collision Iu+ Iu+ ,u+ ,u_
NG 2-20 TeV 3 TeV
Integrated 1, 10 ab' 1, 10 ab!

Luminosity

Key channel

2—2 scattering +
associated KK
production

Resonant KK

production

Physics Role

Indirect + on-shell
KK sensitivity

Direct s-channel

KK resonances

Propsed Timeline

No concrete

timeline yet

~2045
(possible start)

L4 TRISTAN

Proton LINAC (500 MeV)

[Y. Hamada et al.,
PTEP 2022,
053B02 (2022)]

[C. Accettura et al. (IMC), CERN Yellow Rep.
Monogr. 2/2024, 176 (2024)]

Muon Collider ” (0

Muon Collider

>10TeV CoM
~10km circumference

U Injector H

4 GeV Target, xDecay uCooling — Low Energy i X
i Proton & uBunching Channel  pAcceleration
%, Source Channel :




[L~TRISTAN Collider

Measuring u™ ut — pt pt deviation from Standard Model

Deviation parameter,

Contribution from SM Model - SM From KK tower

do(cosf) = SN x 100

0 --> Scattering angle

mxk = 500 MeV, gp = 1072, ggy = g

g ] — ECM =2TeV
£

§ ECM =10 TeV
T

< — ECM =20 TeV

05 00 05
cosf

Clean muon interaction==> measure

angular deviations in distributions




KK Bremsstrahlung in (U-TRISTAN Collider

Feynman dlagrams for bremsstrahlung like processes:-
Production of the nth KK mode

ptut s ptptvm . =123, ...

Semi-visible final state

V) - up

VA clean MET signature with reduced SM background

¢/ The dimuon invariant-mass distribution can reconstruct the resonant KK modes
9



Event Distributions

Semi-visible final state: [V (") — pp] All-visible final state: [V™ — ptp™]
—_ 1:_ L L L L R R L rTTTTTrTTT TT I_E —_
& | my = 10 MeV — Signal - .E*
g - — Background | - = —— Background
e 107 E 3 8 107
= ] p
2 T - 2
g - : =
& \ .
~ 107 = -
5 3 "
S g 5 .
Z§ S T N R R T N D N . Zi: 0 100 200 300 400 500 600 700 800 900 1000
.:,| B 0 50 100 150 200 250 300 350 400 450 500 g% M,. . [GeV]
E, [GeV]
Er — Missing Transverse Energy (MET) M+~ — dimuon invariant mass

Following the MET distribution we choose the cut:
1 GeV < Reject MET < 10 GeV

Cut: Decided by seeing the invariant
mass peak and optimising the

sensitivity (not universal)




Resonant Production at Muon Collider

Resonant production including interference effeect pu™pu=— p* -

SM contribution Contribution from KK tower

ps (p1) 1, (p3)

ts (p1) 1, (p3) ps (p1) t, (P3)

1 (p2) 1,k (pa) 1 (p2) s (pa)

fes (p1) 1y (ps) s (p1) . (p3)

1ty (p2) 15 (pa) 1l (p2) 1 (1)

KK mass --> hit the CM energy --> cross-section increases (via resonance)--> most dominant one!

CM energy distribution --> multiple KK modes from tower can hit res.--> multiple resonant peaks!
11



CM Energy Modelling

> Due to ISR, beamstrahlung, and synchrotron radiation, CM energy is not fixed

> A Gaussian profile models the energy distribution more realistic than a delta function

(Gaussian Beam Energy Distribution:

1 (E — E.)? E. : Central (peak) beam energy of CM energy
f(E;Ecao'E) — eXp | — . _
V2o s 202 or : Energy spread (e.g., ox= 0.1% x E.) of
CM energy
A

If ateleast one KK mode lie within 5oz window:
f(E;E,, 08) OR ==> infiniteMower sum ==> summed over only those KK modes

If no KK mode lies within the window:

>
Ee B> —=5 infinite KK tower sum [analytical form possible] 19



Comparison of the Results

Results from statistical analysis

Lug =1 abl.o kinetic mixing
P SM brane position

e e e e e e s
T PR ST
Q0 i : - 3 ‘ Ao
= 102} = Ko i :
3, : " POEE 8 1 - - Elastic scattering at Fcy = 2 TeV uTRISTAN Collider
= - 1 it RE
3 . PO R Semi-visible final state at Ecy = 2 TeV uTRISTAN Collider
& 8103 e | T e .
% = e % All-visible final state at Eqy = 2 TeV pTRISTAN Collider

P ' 1

>, oo Resonant production at Ecy = 3 TeV Muon Collider (BES = 0.1%)
= 104) &
e P L
g A
= iy
@ I
@ 103 107" 10’ 10°

TMEKK [GO\']
> The above shaded regions are shown for future 2o exclusion

> The four channels provode a very good complementary results to each other 13



Comparing Two Muon-Based Probes

= = ™ : i 2,
Liw=1ab™!, UJsM = 7 no kinetic mixing

ap

1075}

107

1075}
1079}

g

1050

-

AT

10° 10"

d

NAG4 1, future bound

m NAG4 1, current boun

M?, phase 1
M3, phase 11

MuSIC

Sopoul Y3 AL} URY) 2IOUI I0J
¢ JU Y& 9[qIsseodeul A[[ednyewraury]

Future muon beam dump

------ Elastic scattering at Ecy = 2 TeV uTRISTAN Collider

-------- Semi-visible final state at Ecy = 2 TeV uTRISTAN Collider

This work!

* All-visible final state at Ecy = 2 TeV uTRISTAN Collider

Resonant production at Ecy = 3 TeV Muon Collider (BES = 0.1%)

>

D. Chakraborty, A. Chatterjee,
A. Kaushik, K. Nishiwaki,
Phys. Rev. D 113, 115038 (2026)

Muon g — 2 (20 exclusion) _J
10 10°
mMEKK [(4(‘\]

‘/Covers the parameter space beyond the reach of beam-dump experiments

‘/New region of parameter space explored with 10 <=g¢, <= 10!, above mass scale 10 GeV

14



Conclusion

‘/Muon—based colliders offer unique sensitivity to five-dimensional U(1),_., extensions, providing

complementary probes across elastic, semi-visible, all-visible and resonant production

Expected sensitivity (shown as 20 exclusion reach):

Max reach :) (p z 10_5, MKK ™~ 10_3—104 GeV.

‘/By combining the four final state analysis, the muon-based collider setup covers a broad region

of the 5D U(1).,-1. parameter space

‘/Probes a wide range of mgx (MeV to TeV) values even those are inaccessible to low-

energy or beam-dump experiments due to kinematic and lifetime limitations

Thank you!
15



Backup Slides

16



Why Collider Phenomenology for Our Model?

e We can not constrain our model through the low-energy experiments

When the masses of the extra gauge bosons are above GeV scale

e High-energy collider experiments are essential to probe the higher mass region

LN L L L B L L LB L B

A : ATLAS = Obs. limit, Combination
Vs=13TeV, 140 f5" =" Exp. limit, Combination
E Zuu—dy, Zpv—3uy M exptic

[ Alllimits at 95% CL Exp.t 2o
- e Exp. limit, 4p

'''' Exp. limit, 3uv

Gauge coupling

1072 107! 104

1072 107! 1 10 10—3|\|\||\||||||||\|ir|\|||||||||||||\|1|
M, [GeV] 10 20 30 40 50 60 70 80
m, [GeV]

» Mass

Above plots tell that above GeV scale mass collider constraints are dominating

Hunting All the Hidden Photons, M. Bauer et al, JHEP 07 (2018) 094

ATLAS Collaboration, Phys. Rev. D 110, 072008 (2024) 17



Kaluza-Klein decompostion

The 5D action:

L
S5 D / d*z / dy| — iVA sVAP] where A, B = 11, 5 [L is the compactification length]
0

To obtain the 4D Lagrangian, we use the Kaluza-Klein (KK) decomposition:

1
— (n) | (4)
Valww) = 22V (x Mode function

After integrating out the extra spatial part we get effective 4D action

SiD )Y / d*z| - ivﬁf,?)vw(”)] mip

Infinite tower of KK modes

18



Infinite KK Tower in Flat Space Geometry

> The metric in flat space is,
ds*=n  dx"dz’ —dy’, where n =diag(+,—,—,—), y€[0,7 K]

> The mode functions take sine function form using (Neumann, Dirichlet) b.c.s

n 1 ~ Ysm
) (Gsm) = V2 cos| (n— = ) Gsm | UsM = ——, Y
2 R
Mass of the nth KK mode: i
M, = (2n — 1)mgg where, n = 1,2, 3, ---and mgyg is lowest order KK mass I
v
o [ = (ysM)]2 . L
S(a,gsm) = Z : a = t,u Mandelstam variables Uniform KK splitting
—~ a- M?

19




Warped Space (backup)

The metric of the 5D model is given by, gs2 — e~y datdz” — dy’where 1, = diag(+, —, —, —)

L
1 . .
5D Action is : Sy = /d4x/ dy [\/‘g‘{—ZgMNgKLVMKVNL}
0

1 ~ A ~ ~
+ <_ZBWBW + 26—5V“”BW + other part> oy — ySM)] + Sa.F
Cw

n €2kymn JO o e%ymn
Mode function: fA,Warped(y) = N, eV [J1 (T) — YOE%;E (T)]

Note: In this case, the normalization constant NV, and KK mass m, are complex and

determined numerically, considering boundary conditions.

20



The 4D E

Effective Lagrangian

£of = {l?% i01% + el %A, + grsw 1%y 1% Z, Assumption of a vanishing kinetic mixing:

a= e,u T For nth KK mode, k,—0

3

91 %_FSWtyL n)_|_gDQL _IL. an<v(n)_t Mn_ézz)}l%
+ 1% 101§ + v} i0v§ + (DEAIEW T+ IgA Vi W)
} Z-boson
. 1
+ lL'YM [e? + 5 (—QQCW -+ g1SW)+ zn: { —goCw + g1SW t% /‘%
Photon ¢

QS (v; )

2

m
—t " Z g
Yz —m?, )

7

1 Nth KK mode
+ vi" 3 (g2ew + g18w) Zy + Z { (92w + g1sw) tw }V(n)

4D eff. gauge coup.
e e
mz

}+/

|we define cy (sw) := cos Oy (sin by ) and ty :=

tan Oy, where Oy is the weak (Weinberg) mixing angle]

1



Feynman Rules (backup slide)

Effective Lagrangian in the mass eigenbasis:

1 n n 124 1 1/ 1 12
‘C:_EZV:LEV}V( ) _EAWAJM _EZ.WZ“

1 2 1 2 n n
4+ EmZZ#Z“ + 5 ; mn‘./é )WL L Other part

Feynman Rules:

) = iey",
. 82
M, =i ‘U—PL,
w 8 \/Q

, 1
Fﬁaz = jyH 5 (g2cw + g1sw) — g’Qf:f_LT

22



Feynman Rules (backup slide)

Other vertices

rfz — f"y“‘{PR

I
L v

o V() =

fA €,M
815w — & QL = Z (_VSM) Z]

2 _
my mz

+ Py

. 1 €n m2 €
= FY [ ((ngW -+ ngw)twm—Zz +g1—")

& R 1. | P

2
€ €EpMm
f’}’”{PR [gl (—C; + swiw —mzn }an) +gff£(}’SM)QE;—LT]
n— "Z
2
€nm

1
+ PL[ ((ng-‘w + g15w)tw

my m

1 L 1 (ysm)enm>
5(_32‘:14/+8'15W)_ng£;_LTrWZ 8 218,

€
n—zz +g1_n) + & A (ysm) Q@ _, ”

23



do(cos ) [%]

KK mode induced deviations
Model - SM

~ The deviation parameter, do(cosf) = x 100

SM

>~ Where, 6 is the scattering angle

mik = 500 Me\/, gp = 10_37 ysm = g

MKK = 200 1\/16\/, gp = 10_4, gSM = g

— ECMZQTGV g
£y
EICM:H) TeV §
2
— ECMZQO TeV
_0-5 0-0 0.5 _0-5 0.0 0-5
cos 0 cos 6
Note:

>~ KK modes distort the angular distributions from SM

~ Hence hint a new physics indirectly

— ECM =2 TeV
ECM =10 TeV
— ECM =20 TeV

24



Statistical Analysis: Binned x* Method (backup slide)

Goal: Quantify BSM sensitivity via angular deviations in ptp™ — ptpu.

® Divide angular range: cosf € [cos(164°),cos(16°)] into 10 uniform bins.

Apply binned y? statistic:

10 (NBSM)2
2= gy
i=1 N?M + (EfN?M)z

BSM __ do.total dO'SM
® ! - . _
N.' f"“t fbin i\ dcos0 dcos 0

SM __ p. doSM
® NP = Lint Join i dcos
Parameters:

e Integrated luminosity: L, = 1 ab™! and 10 ab™!

e Systematics: ¢; =0, 0.1%, 1%
Exclusion Threshold (95% CL, 2 d.o.f.): x* > 6.18

25



Results from Elastic Scattering

5 m
gp = 1074, gSM = g ECM =2 Te\/, Ysm = 5
1 -3
] 107"
0500_ _________________________________ { ----- € = 1%, £inr, =1 ‘dbil ;
0.100 PP R 6 =0.1%, Ly =1 ab™ ! 4“
— 0.100z=-==-- CIIIIIIIIrnsossssooeate— 1074} e Lt
> === R - _ r PR P |
¢ 0.050; esienn?T { ----- € = 0%, Lo =1 ab™! b |t | ----- € = 0%, Lig =1 ab™?
— "“——’,' Q L _od ”‘— |
N PS e (=) r .- .7 | N
g ---------- € = 1%, Line = 10 ab™! — e [ € = 0%, L = 10 ab™!
0.010}-="" | e
0.005 ] € = 0.1%, Ly = 10 ab™? 10 Fee”
. [
----- € = 0%, L = 10 ab™!
0.001 -6 i e
1 2 5 10 20 101o-3 1072 107" 100
ECM [TCV] MKK [GC\/]
Comments:

> The above shaded regions are future 20 exclusion achieved after a x? analysis

-~ ¢ is systematic uncertainty, Fcy and L., is the centre of mass energy and

int

integrated luminosity of the collider respectively. 2%



KK Tower Summation and Signal Cross Section (backup slide)

Goal: Incorporate the full tower of KK gauge bosons to compute the BSM signal rate

® The total signal cross section is approximated by a continuum integral:

1 TeV
- = oefr(m) J
Tsignal — m

m=mgk 2mKK
e Components of the integrand:

® oeff(m) = op(m) - €,(m): interpolated product of cross section and efficiency,

® o, g3: mode-wise signal scales with the squared coupling,
o 1

s-—: density of KK states in the flat extra-dimensional setup.
MKK

® |ntegration performed numerically using simulated data grids.

Comment: The KK tower sum effectively resums multiple narrow resonances—crucial
for accurately capturing the signal yield.

27



Results

MET Channel

~ T
Ecv =2 TeV, g = B

Dimuon Channel

107
BP | mkx [GeV] gD Kinematic window [GeV] | Significance [o]
S Lw=1ab' [BPL| 5x107 [4.01222x107° M+ ,- €[L,9] 2
S [ : wat | BP2 5 8.6474 x 10~* M+, € [4.5,5.5] 2
- ’ BP3 | 500 | 1.60083x 1072 | M, € [499.5,500.5] 2
-5 L L L
%103 1072 107" 10°

> Shaded regions and the table of three benchmark ponits are future 20 exclusion

28




On-shell KK Modes and Resonant Summation (backup slide)

Resonant Mode Selection:
AE =30, m,=(2n—1)mkk, |m,—+/s|<AE
ne [nmin: nmax]

Resonant Sum (Breit-Wigner):

s—m2+im,l,’ 2
N=Mmin

mz fR(r/2) £1(7/2) = V2 cos [—(” - %)"T]

Captures resonance enhancement near on-shell KK modes accurately.

29



Off-shell KK Contributions and Effective Cross Section (backup slide)

Off-shell Regime:

® Applies when no KK mode lies within the resonance window:
|m, — /s| > AE Vn
® [nfinite sum admits analytic continuation:

— ———tan
s — m? 4\/smygy 2mMKkk

n=1

Effective Cross Section:
® Realistic collider beams have finite energy spread:

Oeff = / (f(E, Ec,0g))? 0(4E?) dE

® f(E, E.,0p): normalized Gaussian centered at E., with width o

This hybrid treatment ensures accurate modelling across both resonant and
non-resonant parameter regions.
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Statistical Analysis: Binned x* Method (backup slide)

Goal: Quantify BSM sensitivity via angular deviations in ptp™ — ptpu.

® Divide angular range: cosf € [cos(164°),cos(16°)] into 10 uniform bins.

Apply binned y? statistic:

10 (NBSM)2
2= gy
i=1 N?M + (EfN?M)z

BSM __ do.total dO'SM
® ! - . _
N.' f"“t fbin i\ dcos0 dcos 0

SM __ p. doSM
® NP = Lint Join i dcos
Parameters:

e Integrated luminosity: L, = 1 ab™! and 10 ab™!

e Systematics: ¢; =0, 0.1%, 1%
Exclusion Threshold (95% CL, 2 d.o.f.): x* > 6.18

31



Results from Resonant Production

o 7T o T
150, Lip=1ab™", fsu = 3 @ Sop, L =1ab™", fisy = 5

10_1 E T T T TITm T T TTTT T T TITIT T T TTTIT T TTITIT T T TTITm T\T\T% 10_1 E T T T TTTT T Ll U uiutr IR IR T‘TH—L:L
1072, ; 1072

S 1073} s 107
1074} : 107}

S| 4075 Lt e
1010—3 10—1 101 103 10_3 10_1 101 103
MmKK [Ge\/] MKK [Ge\/]

Comments:

> The above shown regions are future 20 exclusion

> For two different energy peak window (A F) results are almost similar %



Why High Enerey Muon-Based Colliders?

> Can probe the gauge interaction directly at tree level without relying on kinetic mixing

€4 =10, ysm = 0, NKKmax = O
(without DIS)

o mik: lowest KK mode mass

g 77 Muon g-2 (20 exclusion)
0.001 i
.’ FutureBeamDump
e ¢': effective 4D gauge coupling . P
............... v MusSIC
5| :
- . 10 .- ' M?, Phase |
e ysnm: OM brane position | .- Pt :
Y T ST v M® Phase Il
c . .. 1077 '
e ¢4: 4D kinetic mixing E [ NAé4,, Current Bound
NA64,,, Future Bound
. . -9 | .
® NKK,. :@ Mmaximum number 10 D. Chakraborty, A. Chatterjee,
of KK modes A . . .
‘ ‘ — ‘ . Kaushik, K. Nishi
0.001  0.010  0.100 1 10 ’ waki,
s [GeV] Phys. Rev. D 113, 115038 (2026)

> Low-energy experiments (e.g. beam-dump exp.) can access only a limited number of KK modes

> Due to KK enhancement in the signal, can probe both KK modes of mass MeV as welhqs TeV



Summary of Constraints from 4D U(1)z, r-Model

107"
W ANeg
Bl CCFR
= W NAG4u
| BaBar
107° o ] D
10~ 10~ 10 =

my |GeV] )
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