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The Standard Model and beyond

4D Lorentz Symmetry
×

Gauge Symmetry
SU(3)C×SU(2)W×U(1)Y

⇓
Spontaneous breaking of
electroweak symmetry
SU(3)C× U(1)EM

Extend the field content:
Examples: SSM, leptoquark, seesaw, etc.

Extend 4D Lorentz Symmetry:
Supersymmetry

Extra-dimension(s)

Extend the Gauge Symmetry:
Examples: Left-right Symmetry, Grand Unified

Theory, etc.

Mechanism of SSB:
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Universal Extra-Dimension Model with GMD

Universal Extra Dimension (UED)

UED scenarios are characterized by a single
flat universal (accessible to all the SM

particles) extra dimension (y), compactified
on a S1/Z2 orbifold with radius R .

SUED = Sgauge + Sfermions + Sscalar

Sgauge =

∫
d4x

∫ πR

0
dy

{
−1

4
G a
MNG

aMN+

(
δ(y) + δ(y − πR)

)[
− rG

4 G
a
µνG

aµν
]}

1 Bulk terms
2 Boundary localized terms (BLTs).

After Compactification
⇓

1 Kaluza-Klein modes.
2 Conserved KK-number.
3 Conserved KK-parity.

1 A dark matter
candidate
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Universal Extra-Dimension Model with GMD

minimal Universal Extra Dimension (mUED)

In the minimal version of UED (mUED), all
BLTs are assumed to vanish at the cut-off

scale (Λ).

SUED = Sgauge + Sfermions + Sscalar

Sgauge =

∫
d4x

∫ πR

0
dy

{
−1

4
G a
MNG

aMN+

(
δ(y) + δ(y − πR)

)[
− rG

4 G
a
µνG

aµν
]}

1 Only free parameters:
1 The radius of compactification, R
2 The cut-off scale, Λ

After Compactification
⇓

1 Kaluza-Klein modes.
2 Conserved KK-number.
3 Conserved KK-parity.

1 A dark matter
candidate
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Universal Extra-Dimension Model with GMD

Compactification: Even and Odd Parity Fields on S1/Z2

KK Expansion of Φ(xµ, y):

Φ(xµ, y) =
∞∑
n=0

ϕ(n)(xµ)fn(y)

KK Wavefunctions (Even Parity):

f0(y) =
1√
πR

(zero mode)

fn(y) =

√
2
πR

cos
(ny
R

)
, n ≥ 1

KK Wavefunctions (Odd Parity):

fn(y) =

√
2
πR

sin
(ny
R

)
, n ≥ 1

• Even field:
Φ(xµ,−y) = +Φ(xµ, y)

• Odd field:
Φ(xµ,−y) = −Φ(xµ, y)

Tree-level KK-mode Mass:

m2
n = m2 +

( n

R

)2

In 4D, the 5D field appears as a
tower of scalar fields with increasing

masses.
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Universal Extra-Dimension Model with GMD

The SM on S1/Z2

Key Features
• Each SM particle has a

tower of KK-modes
• KK modes are

degenerate at tree level
• Degeneracy lifted by

radiative corrections:
• Bulk corrections

(finite)
• Boundary terms

(Λ-dependent)

• KK-parity ensures
stability of lightest KK
particle (LKP)
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Universal Extra-Dimension Model with GMD

mUED after ATLAS search (ATLAS-CONF-2019-040) for multijets +ET/ with L =139 fb−1
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Universal Extra-Dimension Model with GMD
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Universal Extra-Dimension Model with GMD

Options beyond mUED: Non-minimal UED

Sgauge =

∫
d4x

∫ πR

0
dy

{
−1

4
G a
MNG

aMN +

(
δ(y) + δ(y − πR)

)[
− rG

4 G
a
µνG

aµν
]}

• The assumption of vanishing BLTs is unnatural, as BLTs are
radiatively generated at loop level.

• Non-minimal UED (nmUED) includes these BLTs as free parameters.
• BLTs modify the KK mass spectrum and interaction strengths.
• Resulting collider signatures in nmUED can differ significantly from

those in mUED.
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Universal Extra-Dimension Model with GMD

KK Decomposition and Mass Spectrum in nmUED

KK Expansion for 5D Gluon:

G a
µ(x , y) =

∞∑
n=0

G a(n)
µ (x) f

(n)
G (y)

KK Wavefunctions:

f
(n)
G (y) = NG (n) ×


cos(mG (n)y)

CG
, even n

−sin(mG (n)y)

SG
, odd n

KK Mass Spectrum:

rG mG (n) =


−2 tan

(
mG (n)πR

2

)
, even n

2 cot
(
mG (n)πR

2

)
, odd n

Key Points:
• BLTs modify KK masses

and wavefunctions.
• mG (n) must satisfy

transcendental equations.
• Mass splitting depends

on rG ; mUED is
recovered when rG → 0.
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Universal Extra-Dimension Model with GMD

Limits on BLTs in nmUED
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Figure: Theoretical predictions for the visible cross-sections are presented as a
function of RQ (x1-axis) and RG (y1-axis).
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Universal Extra-Dimension Model with GMD

Limits on BLTs in nmUED after LHC RUN-II
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Universal Extra-Dimension Model with GMD

Options beyond mUED

(4 + N)-D Action

S =

∫
dx4+N δ(x5) . . . δ(x4+N)

√
−ĝ Lm

1 M2
Pl = MN+2

D

(
r
2π

)N
2 Gravity-Matter interaction
3 Gravity mediated decay of LKP

Next-to-minimal UED:
e.g., ’Fat-brane’ realization of

mUED
⇓

mUED is embedded in a
(4 + N)-dimensional bulk.

⇓
Gravity spans across N large
extra dimensions ∼ eV−1,
while the propagation of

matter is confined to a length
scale ∼ TeV−1
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Universal Extra-Dimension Model with GMD

’Fat-brane’ realization of mUED: Matter-Gravity Interaction
(4 + N)-D Gravity-Matter Interaction Action

Sint = − k̂

2

∫
dN+4x δ(x5) . . . δ(xN) ĥµ̂ν̂Tµ̂ν̂

⇓
4-D Gravity-Matter Interaction Action

Sint = −
k

2

∫
d4x

∑
n

{[
h̃n⃗µν + ω

(
ηµν +

∂µ∂ν

m2
n⃗

)
ϕ̃
n⃗

]
Tµν
n5

− 2Ãn⃗
µ5T

µ
n55 +

(
√

2ϕ̃n⃗
55 − 3ωa

(
1 −

n25
n⃗2

)
ϕ̃
n⃗

)
T

n5
55

}

where, T n5
MN(x) =

∫ πR

0 dy TMN(x , y) e
2πin5y

r

ĝµ̂ν̂ = ηµ̂ν̂ + k̂ ĥµ̂ν̂ , k̂2 = 16πG4+N

ĥµ̂ν̂(x , y) =
∑
n⃗

ĥn⃗µ̂ν̂(x) exp

(
i
2πn⃗ · y⃗

r

)

ĥn⃗µ̂ν̂ = V
−1/2
N

(
hn⃗µν + ηµνϕn⃗ An⃗

µi

An⃗
νj 2ϕn⃗

i,j

)

The KK-gravity excitations:

1 Gravitons: h̃n⃗µν = hn⃗µν − ω
(
∂µ∂ν
m2

n⃗

− 1
2ηµν

)
ϕ̃n⃗

2 Graviphotons: Ãn⃗
µi = An⃗

µi

3 Graviscalars: 1√
2
ϕ̃n⃗
ij = ϕn⃗

ij +
3ωa
2

(
δij −

ninj
n⃗2

)
ϕ̃n⃗

where, ω =
√

2/(3N + 6)
and a satisfies
3(N − 1)a2 + 6a− 1 = 0
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Universal Extra-Dimension Model with GMD

Matter field can decay into any kinematically
allowed gravity excitations.

1 The decay width into individual graviton
modes is suppressed by 1/M2

Pl
2 Since the mass difference between

individual gravity excitations is of the
order eV−1, the number of allowed
gravity-mediated decay modes is large.

• Ensure prompt decay of LKP

Γ =
∑
n⃗

Γn⃗ =
∑

Γhn⃗ + ΓAn⃗ + Γϕn⃗

Γ =
M2

Pl

MN+2
D

∫
dm dΩΓn⃗m

N−1
n⃗
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Universal Extra-Dimension Model with GMD

Event Simulation

The normalized partial decay width for level-1 KK-gluon
into a gluon and gravity excitations as a function of the

mass of the gravity excitations.
N = 2

N = 4

N = 6
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1 Production: MG5_AMC@NLO

2 Decays: PYTHIA8
1 PYTHIA8 does not

consider gravity-mediated
decay (GMD)

2 GMDs cannot be trivially
incorporated by modifying
the decay table in the
SLHA file.

3 Modified the PYTHIA
PYWIDTH subroutine
according to our
requirements.

3 Showering/hadronization:
PYTHIA8
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Universal Extra-Dimension Model with GMD

(Re)interpretation of existing LHC searches

1 ATLAS mono-photon plus missing transverse energy search
"Search for new phenomena in final states with photons, jets and missing transverse
momentum in pp collisions at

√
s = 13 TeV with the ATLAS detector", 2206.06012

2 ATLAS multi-jet plus missing transverse energy search
"Search for squarks and gluinos in final states with jets and missing transverse momentum
using 139 fb−1 of

√
s =13 TeV pp collision data with the ATLAS detector",

ATLAS-CONF-2019-040

3 ATLAS di-Photon plus missing transverse energy search
"Search for photonic signatures of gauge-mediated supersymmetry in 13 TeV pp collisions
with the ATLAS detector", 1802.03158
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Universal Extra-Dimension Model with GMD

N = 2
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Universal Extra-Dimension Model with GMD

N = 4
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Universal Extra-Dimension Model with GMD

N = 6
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Universal Extra-Dimension Model with GMD

Outlook

• Minimal UED (mUED) is under severe pressure from current collider
limits and dark matter relic density constraints.

• There is a strong motivation to go beyond the framework of mUED to
reconcile these phenomenological tensions.

• We discussed two such extensions:
• UED with non-zero brane-localized terms (BLTs)
• Fat brane realization of UED

• Other directions are also worth exploring:
• The minimal UED does not address the origin of non-zero neutrino

masses and their observed mixings.
• It is important to seek frameworks where neutrino masses can arise

radiatively after compactification.

• A unified scenario that simultaneously explains neutrino masses and
addresses the tension between collider searches and relic density is an
intriguing avenue for future work.
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Universal Extra-Dimension Model with GMD

Thank You
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