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Part 1: Dark Matter






Properties and the Particle Physics of Dark Matter

® Cold and Neutral: Non relativistic today:
® Preserves the success of Big Bang Nucleosynthesis (Formation of Atoms and Nuclei in the early Universe)
® “Almost” Dark with respect to other forces of nature.

® Collisionless within the DM sector at large scales.
® Stable, on Cosmological time scales.
® Forms halos in the galaxy




Our focus is here...
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Kaluza-Klein Gravitons

Gravity propagates in the finite bulk Potential LHC Resonances...
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Discrete KK modes: RS Gravitons
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Extra-Dimensional Models with KK portals
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However: correctly computing the massive spin-2 scattering amplitudes is hard!
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Part 2: Scattering Amplitudes of
Massive Spin-2 Particles



Reminder: Massive Spin-1 Scattering
Amplitudes in the SM and KK Yang-Mills
Theories




Weinberg-Glashow-Salam: SU(2) x U(1) @ E*

E4 divergences cancel due to YM Jacobi Identity
(symmetry structure)
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Weinberg-Glashow-Salam: SU(2) x U(1) @ E2

Higgs boson couplings to gauge-bosons such that
E2 growth cancels between all contributions!
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“eaten” Goldstone Bosons

v
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Important related paper: “Hidden” SUSY
guarantees that “eaten” As modes have masses
correctly related to KK A, masses!




Symmetry Constrains Scattering Amplitudes: Equivalence Theorem

Gauge-Invariance of 5D YM theory implies we can choose t-Hooft-Feynman Gauge

* Rewrite theory including “unphysical” Goldstone (scalar) bosons, in “As” field

* Problematic longitudinal helicity amplitudes are, to leading order in energy, the same as those of
the Goldstone bosons, by gauge-invariance

* Propagator and interactions such every diagram scales like O(EY)

 Hence, physical (unitary gauge) scattering amplitudes must also scale like O(E?)!
A” A" AP 1 A
L L 5 O (EZ) 5

't-Hooft-Feynman gauge: = EVAVAVAVA

Af AT As As

23



24



Massive Spin-2 Particles and Degrees of Freedom

e Massless graviton represented by a symmetric traceless tensor with
redundant degrees of freedom (local diffeomorphism invariance)

e |n general a massless graviton in d dimensions has d(d-3)/2
physical degrees of freedom

e Massless 4D graviton has 2 degrees of freedom, while a
massless 5D graviton has 5 degrees of freedom.

e Mass term breaks diffeomorphism invariance - A 4D massive spin-2
state has 5 degrees of freedom (2 spin-2 helicity states, 2 spin-1
helicity states and 1 spin-0 helicity state)

2 2 2
m ((h,w) — h ) Fierz-Pauli Mass term (ghost-free in flat space)

e A compactified 5D theory of gravity, therefore, can provide the
states needed for the 4D massive KK spin-2 modes.
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Massive Spin-2 Helicity States and (Unitary Gauge) Propagator

Unitary Gauge ...

N\

(absent when M=0)
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Elastic Scattering of Helicity-0 Fierz-Pauli Massive Spin-2 Particles

}VVVV{ K Helicity-0

Helicity-0 polarization at high-energy:

Unitarity is violated at a scale A5 = ( 4)1/ > &L Mpl
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Massive Spin-2 Fierz-Pauli Scattering to DM: Naive Expectation

DM\ O(E2) h

DM .’ haﬁ
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Randall Sundrum Model

The situation in a KK theory iIs different due to the
underlying 5D diffeomorphism invariance
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Akmn Aklimn

For illustration ...
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Individual Contributions to Helicity-0 RS1 Elastic KK Scattering

Scalar Exchange:

KK Exchange:

Contact Interaction:
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> MM (h)s

n=>5,4,...

Summing over all intermediate KK states:

MG — Mm@ —

Cancellation enforced by sum-rules
involving masses and couplings:

§ :a’nnj — annnn )

E :l‘g Qpng = l‘nannnna
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Cancellations in the RS Model (cont’d)

Summing over all intermediate KK and scalar states:

M — M@ —

These sum-rules can be proved analytically...
residual amplitude O(s)!

Next: amplitudes for DM production

Cancellation enforced by sum-rules
iInvolving masses and couplings:

Z H;a nn] — _,Ufn 4a"rmnn 3 a’nnO) % Z ai'n'(i) ’

Z:u] nn] — _4:un A1no + 92 4:un /’L(z)) 72'Ln’(z) )
N N
KK sum scalar sum
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EQ
Sum rules ensure that |[M| = O ( >

2
M5,
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Phys. Rev. D 106 (2022) 3, 035026 & 109 (2024) 7, 7

See also:
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't-Hooft-Feynman Gauge: Unphysical Goldstone Bosons

RS metric in conformal coordinates:

Bulk Einstein Equation

In unitary gauge: A,,e=0
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Aside: N=2 Quantum Mechanical “SUSY”

Quantum Mechanical “SUSY” relates two eigenvalue systems

* Consider an eigenvalue system of the form DTD f(x) = A f(x).

 Requires an inner produce to define DT, and therefore boundary conditions
on the functions f(Xx).

 Implies the system DDtg(x)=Ag(x) has the same non-zero eigenvalues!

o DDT1(Df(x))= D(DTDf(x))=A(Df(x)) - hence g(x)=Df(x) solves second system, so
long as Df(x) doesn’t vanish!

RS KK system hides TWO interleaved N=2 QM SUSY systems, which define
the the tensor, vector, and scalar modes of the system and enforce thelir
degeneracy!
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't-Hooft-Feynman Gauge: Mode Expansions and SUSY

Mode Expansions

7 o _ 7 (n) () £(n)
hm/(m 73) _Z h/ﬂ/ (:B )f (Z)’ Vector Goldstone
'n,OZOO / fields
Ay, 2) =3 A,S”><a:“>g<”> (2),
n=1

n=1
\ Scalar Goldstone

fields

/

SUSY implies modes

( )4/ have same mass!
:m’n.fn 9

SUSY Relations in Vector-Graviton Sector:

DIDf™ = —(9, 4+ 349, f™ = m2 f(™),

DD'g™ = —5,(8, + 34)g"™ = m2g™,

DF® = m, g

Dt g™

D = 0,, DT — _(az + 3A/)7

40

Einstein Equations relate sectors!

D'D— DDt =2(A")? —24" =0 .

SUSY Relations in Vector-Scalar Sector:

DD'E™ = —(9, + A")(8, + 24")k™

D'Dg™ = —(8, +24") (8, + A)g™ = m2g™ |

= m2 k™,

Dg® = m, k™

D' k™) = mpg™ .

=0,+ A, D' = —(0, +24").



‘t-Hooft-Feynman Gauge Fixing:

SUSY insures modes have same masses

‘t-Hooft-Feynman Gauge Propagators:

Quadratic Mode Lagrangian:

No problematic “polarization projection” terms...
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Equivalence Theorem: Goldstone Boson Interactions:

huv hlp
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't-Hooft-Feynman Gauge Scattering Amplitudes: O(s)!

Elastic KK Scattering DM KK Portal
P % DM
9 ow e
P // T ¢\ \ DM,’/ T haﬁ

B (5

Since on-shell scattering amplitudes are gauge-invariant, the cancellations
observed in unitary gauge must occur!
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Generalization: Goldberger-Wise Stabilization

“Fix” values of ® on branes, resulting in non-trivial
background. Competition between kinetic and potential energy
of scalar fixes size of extra dimension.

Gravitation-GW Scalar sectors mix, but retain SUSY for
those modes “eaten” by the KK gravitons!

1 A A
Los = VG [—GMNE)M(I)E)N@] ,
Loot = —— [fV[cb] + VGV [B161(2 — 21) + VGV ]88 ( z—zz)]

A

®(2%,2) = (¢o() + $(a%, 2)).

1
A/2 _A// — E(¢6)2 7
Background EOM: 2AY — _6A” 4+ %(%)2 |

1™V = ¢ + 34’4} ,

Equivalence theorem follows ... scattering amplitudes O(s)
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SUSY Relation follows if EOM are satisfied:

1
DD = -9,(8, +3A") = —(0, + 24')(8, + A") + 6¢62 —



Part 3: KK Portal Dark Matter
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Summary of the issue on cpting te rIic ensit of KK portal DM

L SM & SM & SM & i ' ’

| \ / H” o i @ hfl&

¢ o o< p = i ! ) hO)

+) t2 : !

i g=1 Jj=0 ' , ,

i § £ o Y @ hY @ hR
P SM

¥ o SM @ SM 3

h(n)

This set goes through resonant P o AR K ;
j o : ]
Spin-2 and spin-o modes, no anomalous energy growth : E t’;

4 = (n) =
j ”\/\/\/\W
',‘ f =5t @ St O gt L 5 haﬁ @ ,

These two sets naively have divergences

due to helicity-o (and 1) polarizations in external states
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Problem and Cure

Diagram by diagram, these grows as (’)(33) Diagram by diagram, these grow as O(s*)
__ 2(1 — 20 _ 2 = ,
MO = = (192:: ) (f (”)(Z)) ~ > anni Y (2) Sum all KK modes in all diagrams + GW scalar

. | |

Sum all KK modes in all diagrams + GW scalar Residual non-vanishing amplitude O(s)

l o SS— GG M = "% (14 3cos20)s + O(s°)

Residual non-vanishing amplitude O(s) . SS s Cori M — ik ,4;( r)
e T

(1+3cos20)s+ O(s°)
- <r>ﬁ<r>

I K

o85S — rirj: M = (1+3cos20)s+ O(s?)
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Ar =20 TeV, my =1 TeV, m, =1 GeV, m(y

= 1.4 TeV

ov=10-26 cm3/s

Vil i

4

\
J ></ \7[/\/\/
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my (TeV)

Standard Model Contribution dominates over annihilation of KK states - Counting!




Velocity Averaged cross sections

./\W = 20 TeV, My — 1 TeV, m, — 1 GeV, me) — 1.4 TeV

— ¢¢ — SM
10724 A T — SM
— AA — SM .
Cross-section needed to
1026 - A o e = == = e S ST A T o >
V/ : :
2 ov=10-20 cm?/s saturate the relic density
= 1072
E
f
E 1030 \/_/
10—32 .
10_340,1 0.2 0.3 04 05 06 0.7 080910 2.0 30 40 50 6.0
me (TeV)

o Vector dark matter can easily saturate the relic density due to s-wave annihilation

o Scalars are suppressed by a d-wave annihilation, Fermions by p-wave
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10—32_

10—34

(Work in progress: enhanced cross section in the case of a massive radion...)

Ay =20 TeV, my = 1.8 TeV, m, = 100 GeV, m ) = 2.4 TeV

Total
SS — SM
—— S5 — hh
— 5SS — hr
— 5SS — rr
GW scalar! E— | / / W
| /
/ 7
0.1 0.2 0.3 04 05 06 07 080910 2.0 3.0 40 50 6.0
ms (TeV)

Cross-section needed to
———

saturate the relic density

o Enhanced scalar DM cross section with massive (100 GeV) radion.

o New resonant contributions (purple) with Goldberger-Wise scalar exchange.

o These couplings are proportional to radion mass ...

exploring higher masses!
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Dark Matter Direct Detection Constraints

Limits on DM
Interaction
strength with
matter: weaker
than weak!

Jocelyn Monroe, ICHEP 2024
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Direct Detection (coherent coupling to energy-momentum tensor)

;& o — i (Qo) 1" (K + @5) + 7" (K% + Q) —
d d d D U(Ky) V(Q2)
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00 00 | ' 2 3
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(DA — DA) ~ Tim? \PZ{Z (Zm2 M, + (A = Z)m2 M)

u,d,s,c,b} 55




| |
A 20 TeV
A, =40 TeV

A, =60 TeV
=== ATLAS 2021 diphoton

o x B (fb)

0.9 1.0

Phys.Lett.B 822 (2021) 136651
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Relic density, direct detection, collider combination

Vector DM, A =20 TeV, m, ~ 0.001 TeV: Vector DM, A = 60 TeV, m, ~ 0.001 TeV:
(Most of plotted region excluded ...)

¥
¥

o Scalar DM never satisfy the relic density for sensible choices of parameters
o Fermion DM are ruled out by LZ direct detection limits
o Vector DM works in “portal region” where ma=2mpwm



Summary: Scattering Amplitudes

Spin-2 KK Scattering Amplitudes

Individual contributions to the scattering amplitudes grow as fast as O(s?9) in
unitary gauge.

Cancellation occurs between the diagrams - enforced by relationships between
couplings and KK masses (proven).

These cancellations are the result of the underlying 5D diffeomorphism invariance
of the theory.

Alternatively: examine theory in t-Hooft-Feynman gauge, including unphysical
spin-0 and spin-1 “Goldstone” bosons.

Equivalence theorem insures that helicity-0 spin-2 scattering amplitudes equal
those of the corresponding Goldstone scalars, which are O(s) by power-counting.

Same remains true in a model with a stabilized extra dimension, and a massive
radion.
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Summary: KK Portal Dark Matter

KK Graviton Portal Dark Matter

* Model determined (for fixed Mp)) by
type of DM particle, Ar, mg, mpwm

e All cross-sections scale like s/A4y

e Scalar and Fermion DM ruled out

 Vector DM allowed, A above 10 TeV
range, In “portal region” mg=2mpm

* Allowed region can reach to the
neutrino floor, and below ...
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Vector DM, A = 60

eV, m, =~ 0.001

eV:






