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Dark matter from sky

• Various evidences for dark matter from galaxy rotation 
curves, CMB, gravitational lensing, and large scale structure.

The origin of dark matter is a compelling question.



WIMP Paradigm
Dark matter once in thermal 
equilibrium with SM particles
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Weak interaction with 100GeV-1TeV mass:
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Interplay of direct, indirect and collider detections!



Direct detection

No direct evidence for WIMP yet



• Mass and interaction of WIMP have been 
strongly constrained. 

XENON1T (May 28, 2018)

at 30GeV/c2
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< 4.1⇥ 10�47 cm2
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Direct detection



DM mediators at LHC

• Mediators & effective interactions for DM
[MET+mono-γ]



Beyond EFT operators
• Dark matter (DM) X is a singlet with spin (0, 1/2, or 1).

• Mediator particle M of spin (0,1,2) couples to DM.

X

X

SM

SM
M

• Mediator particles have been discussed mainly from 
Higgs, axion(spin-0), and/or Z’(spin-1) portals.

[HML, M.Park, W. Park(2012); HML, M.Park, V. Sanz (2012,2013)]

What about spin-2 mediator for dark matter ?



• Higgs field is localized on IR brane, with its mass kept 
small by the warped factor.

m2
H

= e�2kL M2
P
, kL ⇠ 40.

Arkani-Hamed et al, 1998

�y = L

• Gravity becomes weak as graviton is localized on UV brane.

SM/DM

Branes

Extra dimensions and  branes

Randall, Sundrum, 1999 Warped extra dimension

Large extra dimensions

Gauss-law:  gravity 
permeates into bulk.

GN =
G4+d

Rd
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�⇤0 = ⇤⇡ = 4kM3
5 .ds2 = e�2k|y|⌘µ⌫dx

µdx⌫ + dy2;
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KK graviton
• Higher dimensional graviton is expanded as

h(0)
↵�(x) :

h(n 6=0)
↵� (x) :

massless graviton

Kaluza-Klein gravitons

4D gravity

Massive 
spin-2 

messenger

• KK graviton is localized on IR brane in RS model.

KK couplings depend on localization of matter fields.

KK masses:  “discrete” mG =
k

MP
xG⇤ mG . 3.83⇤

xG = 3.83, first zero of J1(xG)
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• Clockwork theory:  nearest-neighbor interactions.

Nth clock gear moves least, most weakly coupled:  
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�0 : ground state of clock gears
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graviton:  weak gravity

Choi, Im, 2015; Kaplan, Rattazzi, 2015
Giudice et al, 2016; HML, 2017

Clockwork theory

Bulk force + brane fields in warped extra dimension

Matter couplings depend on localization.



Gravity-mediated 
dark matter



Higgs mass and KK graviton
• Bulk RS model (Model A):  Higgs & top quark on IR 

brane; light fermions on UV brane; gauge fields in bulk. 

mH

MP

,
mX

MP

⇠ e�kyc ⌧ 1.

KK graviton decays into 
hh, tt, WW, ZZ

[A. Falkowski & J. Kamenik, 1603.06980;
J. Hewett, T. Rizzo, 1603.08250]

Flavors and strong bounds from 
dileptons favor bulk RS model.

Higgs/WIMP hierarchy:
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Holography dual

• radion

• KK-graviton

• Matter-brane

• Dark-brane

• dilaton

• spin-2 resonance

• “elementary”

• “composite”

DM: composite state,  Z2 from global symmetry.

AdS CFT

Pure dark QCD (SU(2)):  spin-0(broad)& spin-2 are the lowest.

[V. Sanz, 2016]



WIMP and KK graviton

SM
-b

ra
ne

Dar
k-b

ra
ne

Gauge

Gravity 
mediators

mX

MP
⇠ e�kyc ⌧ 1.

• Gauge bulk model (Model B):  dark matter on IR 
brane;  gauge fields in bulk; others on UV brane.

KK graviton has universal 
couplings to gauge fields and 

larger couplings to WIMP 
dark matter.

[HML, M.Park, V. Sanz, 2013, 2014]

y = 0 y = yc

WIMP hierarchy:

KK graviton



Direct annihilations
• Dark matter annihilates mainly into a pair of  

SM particles through KK graviton.

X

X
G

SM
cX

SM

Model A: SM=γ,g,WL,ZL,h(t,b) Model B: SM=γ, g, WT,ZT

cSM
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• DM annihilates sizably into a photon pair.

Fermi-LAT or HESS line searches.
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Model B:



Cascade annihilations
• Dark matter can annihilate into a pair of KK 

gravitons, each of which decays into SM particles.

G

G

X

X

X

cX

cX
(�v)t ⇠

c4Xm2
X

⇤4

⇣mX

mG

⌘8

• Light SM particles are boosted and “box-shaped”. 

r =
⇣ mG

mDM

⌘2
⇠ 1 :
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DM relic density

s-channelt-channel s-channelt-channel
cX = 1 cX = 1cH = 1, cV = 0.03 cV = 0.03cH = 0,

S-channels (or Model B) need a larger KK graviton coupling.

mG

⇤
= 3.83

k

MP



Bounds from gamma-rays
[HML, M.Park, V. Sanz (2014)]

Planck

• s-channel depends on DM spins: vector DM is strongly 
constrained by gamma-rays and anti-protons.

gg, ��

+WW, ZZ, hh



Fermi GeV-excess

• Gamma-ray excess from galactic 
center at 1-2GeV

• VDM annihilations, XX→bb or 
XX→GG→bbbb in cascade, could 
account for GeV excesses.
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[Daylan et al (2014)]

[HML, Park, Sanz, unpublished]



• Narrow boxes from vector DM with masses of 
9-30 GeV are excluded in both Model A and B.

Planck

Fermi-LAT

• Narrow boxes: Vector DM is most constrained.

• Wide boxes: Similar bounds for all spins of DM.

Bounds on boxes

(�v)SS!GG ⇠ (1� rS)
9
2
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<latexit sha1_base64="tEveG43RFTnvn/6VrvDoAE0KcT4=">AAAB7nicdVBNS8NAEJ3Ur1q/qh69LBbBU0mKte1FCl48VjC20Iay2W7apZtN3N0IJfRPePGg4tXf481/4yatoKIPBh7vzTAzz485U9q2P6zCyura+kZxs7S1vbO7V94/uFVRIgl1ScQj2fOxopwJ6mqmOe3FkuLQ57TrTy8zv3tPpWKRuNGzmHohHgsWMIK1kXpyyAacI2dYrthV27adRhPlpFZv5cSpn9eRkykGFViiMyy/D0YRSUIqNOFYqb5jx9pLsdSMcDovDRJFY0ymeEz7hgocUuWl+b1zdGKUEQoiaUpolKvfJ1IcKjULfdMZYj1Rv71M/MvrJzpoeikTcaKpIItFQcKRjlD2PBoxSYnmM0MwkczcisgES0y0iahkQvj6FP1P3Fq1VXWuzyrti2UaRTiCYzgFBxrQhivogAsEODzAEzxbd9aj9WK9LloL1nLmEH7AevsEGNaPig==</latexit><latexit sha1_base64="tEveG43RFTnvn/6VrvDoAE0KcT4=">AAAB7nicdVBNS8NAEJ3Ur1q/qh69LBbBU0mKte1FCl48VjC20Iay2W7apZtN3N0IJfRPePGg4tXf481/4yatoKIPBh7vzTAzz485U9q2P6zCyura+kZxs7S1vbO7V94/uFVRIgl1ScQj2fOxopwJ6mqmOe3FkuLQ57TrTy8zv3tPpWKRuNGzmHohHgsWMIK1kXpyyAacI2dYrthV27adRhPlpFZv5cSpn9eRkykGFViiMyy/D0YRSUIqNOFYqb5jx9pLsdSMcDovDRJFY0ymeEz7hgocUuWl+b1zdGKUEQoiaUpolKvfJ1IcKjULfdMZYj1Rv71M/MvrJzpoeikTcaKpIItFQcKRjlD2PBoxSYnmM0MwkczcisgES0y0iahkQvj6FP1P3Fq1VXWuzyrti2UaRTiCYzgFBxrQhivogAsEODzAEzxbd9aj9WK9LloL1nLmEH7AevsEGNaPig==</latexit><latexit sha1_base64="tEveG43RFTnvn/6VrvDoAE0KcT4=">AAAB7nicdVBNS8NAEJ3Ur1q/qh69LBbBU0mKte1FCl48VjC20Iay2W7apZtN3N0IJfRPePGg4tXf481/4yatoKIPBh7vzTAzz485U9q2P6zCyura+kZxs7S1vbO7V94/uFVRIgl1ScQj2fOxopwJ6mqmOe3FkuLQ57TrTy8zv3tPpWKRuNGzmHohHgsWMIK1kXpyyAacI2dYrthV27adRhPlpFZv5cSpn9eRkykGFViiMyy/D0YRSUIqNOFYqb5jx9pLsdSMcDovDRJFY0ymeEz7hgocUuWl+b1zdGKUEQoiaUpolKvfJ1IcKjULfdMZYj1Rv71M/MvrJzpoeikTcaKpIItFQcKRjlD2PBoxSYnmM0MwkczcisgES0y0iahkQvj6FP1P3Fq1VXWuzyrti2UaRTiCYzgFBxrQhivogAsEODzAEzxbd9aj9WK9LloL1nLmEH7AevsEGNaPig==</latexit><latexit sha1_base64="tEveG43RFTnvn/6VrvDoAE0KcT4=">AAAB7nicdVBNS8NAEJ3Ur1q/qh69LBbBU0mKte1FCl48VjC20Iay2W7apZtN3N0IJfRPePGg4tXf481/4yatoKIPBh7vzTAzz485U9q2P6zCyura+kZxs7S1vbO7V94/uFVRIgl1ScQj2fOxopwJ6mqmOe3FkuLQ57TrTy8zv3tPpWKRuNGzmHohHgsWMIK1kXpyyAacI2dYrthV27adRhPlpFZv5cSpn9eRkykGFViiMyy/D0YRSUIqNOFYqb5jx9pLsdSMcDovDRJFY0ymeEz7hgocUuWl+b1zdGKUEQoiaUpolKvfJ1IcKjULfdMZYj1Rv71M/MvrJzpoeikTcaKpIItFQcKRjlD2PBoxSYnmM0MwkczcisgES0y0iahkQvj6FP1P3Fq1VXWuzyrti2UaRTiCYzgFBxrQhivogAsEODzAEzxbd9aj9WK9LloL1nLmEH7AevsEGNaPig==</latexit>



Direct detection

DM DM

[A. Carrillo-Monteverde, Y. Kang, 
HML, M.Park, V. Sanz, 2018]

q q

G

cX

cq
<latexit sha1_base64="kHnw1DCEWx84eqDDVP5xaTf5gug=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKeyGYPQiAS8eI7oaSJYwO+lNhszOrjOzQgj5BC8eVLz6R978GyePgyYWNBRV3XR3hang2rjut5NbWV1b38hvFra2d3b3ivsH9zrJFEOfJSJRzZBqFFyib7gR2EwV0jgU+BAOrib+wxMqzRN5Z4YpBjHtSR5xRo2VblnnsVMsuWX3rFqrVIglUxBvkZRgjkan+NXuJiyLURomqNYtz01NMKLKcCZwXGhnGlPKBrSHLUsljVEHo+mpY3JilS6JEmVLGjJVf0+MaKz1MA5tZ0xNXy96E/E/r5WZ6DwYcZlmBiWbLYoyQUxCJn+TLlfIjBhaQpni9lbC+lRRZmw6BRvC0svLxK+UL8reTbVUv5ynkYcjOIZT8KAGdbiGBvjAoAfP8ApvjnBenHfnY9aac+Yzh/AHzucP2ZGNsQ==</latexit><latexit sha1_base64="kHnw1DCEWx84eqDDVP5xaTf5gug=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKeyGYPQiAS8eI7oaSJYwO+lNhszOrjOzQgj5BC8eVLz6R978GyePgyYWNBRV3XR3hang2rjut5NbWV1b38hvFra2d3b3ivsH9zrJFEOfJSJRzZBqFFyib7gR2EwV0jgU+BAOrib+wxMqzRN5Z4YpBjHtSR5xRo2VblnnsVMsuWX3rFqrVIglUxBvkZRgjkan+NXuJiyLURomqNYtz01NMKLKcCZwXGhnGlPKBrSHLUsljVEHo+mpY3JilS6JEmVLGjJVf0+MaKz1MA5tZ0xNXy96E/E/r5WZ6DwYcZlmBiWbLYoyQUxCJn+TLlfIjBhaQpni9lbC+lRRZmw6BRvC0svLxK+UL8reTbVUv5ynkYcjOIZT8KAGdbiGBvjAoAfP8ApvjnBenHfnY9aac+Yzh/AHzucP2ZGNsQ==</latexit><latexit sha1_base64="kHnw1DCEWx84eqDDVP5xaTf5gug=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKeyGYPQiAS8eI7oaSJYwO+lNhszOrjOzQgj5BC8eVLz6R978GyePgyYWNBRV3XR3hang2rjut5NbWV1b38hvFra2d3b3ivsH9zrJFEOfJSJRzZBqFFyib7gR2EwV0jgU+BAOrib+wxMqzRN5Z4YpBjHtSR5xRo2VblnnsVMsuWX3rFqrVIglUxBvkZRgjkan+NXuJiyLURomqNYtz01NMKLKcCZwXGhnGlPKBrSHLUsljVEHo+mpY3JilS6JEmVLGjJVf0+MaKz1MA5tZ0xNXy96E/E/r5WZ6DwYcZlmBiWbLYoyQUxCJn+TLlfIjBhaQpni9lbC+lRRZmw6BRvC0svLxK+UL8reTbVUv5ynkYcjOIZT8KAGdbiGBvjAoAfP8ApvjnBenHfnY9aac+Yzh/AHzucP2ZGNsQ==</latexit><latexit sha1_base64="kHnw1DCEWx84eqDDVP5xaTf5gug=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKeyGYPQiAS8eI7oaSJYwO+lNhszOrjOzQgj5BC8eVLz6R978GyePgyYWNBRV3XR3hang2rjut5NbWV1b38hvFra2d3b3ivsH9zrJFEOfJSJRzZBqFFyib7gR2EwV0jgU+BAOrib+wxMqzRN5Z4YpBjHtSR5xRo2VblnnsVMsuWX3rFqrVIglUxBvkZRgjkan+NXuJiyLURomqNYtz01NMKLKcCZwXGhnGlPKBrSHLUsljVEHo+mpY3JilS6JEmVLGjJVf0+MaKz1MA5tZ0xNXy96E/E/r5WZ6DwYcZlmBiWbLYoyQUxCJn+TLlfIjBhaQpni9lbC+lRRZmw6BRvC0svLxK+UL8reTbVUv5ynkYcjOIZT8KAGdbiGBvjAoAfP8ApvjnBenHfnY9aac+Yzh/AHzucP2ZGNsQ==</latexit>

LKK = � 1

⇤
Gµ⌫(cqT

q,µ⌫ + cXTX,µ⌫)
<latexit sha1_base64="87EKPJ7c5Y3AHGCCQFb2zyADA60="></latexit><latexit sha1_base64="87EKPJ7c5Y3AHGCCQFb2zyADA60="></latexit><latexit sha1_base64="87EKPJ7c5Y3AHGCCQFb2zyADA60="></latexit><latexit sha1_base64="87EKPJ7c5Y3AHGCCQFb2zyADA60="></latexit>

DM DM

q q

Le↵ = � cXcq
m2

G⇤
2

✓
T q,µ⌫TX

µ⌫ � 1

3
T qTX

◆

<latexit sha1_base64="kmAwz/Hs6qFtNmDFr0/VO7i4YKk="></latexit><latexit sha1_base64="kmAwz/Hs6qFtNmDFr0/VO7i4YKk="></latexit><latexit sha1_base64="kmAwz/Hs6qFtNmDFr0/VO7i4YKk="></latexit><latexit sha1_base64="kmAwz/Hs6qFtNmDFr0/VO7i4YKk="></latexit>

• Effective DM-quarks interactions

hN(p2)|iLe↵ |N(p1)i
<latexit sha1_base64="eTPEnMd/UlwSdsc04x4ASTajPzQ=">AAACGXicbVBNSwMxFMz6WetX1aOXYBHaS9ktgnqRghcPIhWsLXTLkk3ftqHZ7JJkhbLt7/DiX/HiQcWjnvw3ptsetHUgMMzM4+WNH3OmtG1/W0vLK6tr67mN/ObW9s5uYW//XkWJpNCgEY9kyycKOBPQ0ExzaMUSSOhzaPqDy4nffACpWCTu9DCGTkh6ggWMEm0kr+C4nIgeB3xTir1qecRSlxKOr8de6soQQxCMR5nnlF2ZJb1C0a7YGfAicWakiGaoe4VPtxvRJAShKSdKtR071p2USM0oh3HeTRTEhA5ID9qGChKC6qTZaWN8bJQuDiJpntA4U39PpCRUahj6JhkS3Vfz3kT8z2snOjjrpEzEiQZBp4uChGMd4UlPuMskUM2HhhAqmfkrpn0iCdWmzbwpwZk/eZE0qpXzinN7UqxdzNrIoUN0hErIQaeohq5QHTUQRY/oGb2iN+vJerHerY9pdMmazRygP7C+fgDkuZ+8</latexit><latexit sha1_base64="eTPEnMd/UlwSdsc04x4ASTajPzQ=">AAACGXicbVBNSwMxFMz6WetX1aOXYBHaS9ktgnqRghcPIhWsLXTLkk3ftqHZ7JJkhbLt7/DiX/HiQcWjnvw3ptsetHUgMMzM4+WNH3OmtG1/W0vLK6tr67mN/ObW9s5uYW//XkWJpNCgEY9kyycKOBPQ0ExzaMUSSOhzaPqDy4nffACpWCTu9DCGTkh6ggWMEm0kr+C4nIgeB3xTir1qecRSlxKOr8de6soQQxCMR5nnlF2ZJb1C0a7YGfAicWakiGaoe4VPtxvRJAShKSdKtR071p2USM0oh3HeTRTEhA5ID9qGChKC6qTZaWN8bJQuDiJpntA4U39PpCRUahj6JhkS3Vfz3kT8z2snOjjrpEzEiQZBp4uChGMd4UlPuMskUM2HhhAqmfkrpn0iCdWmzbwpwZk/eZE0qpXzinN7UqxdzNrIoUN0hErIQaeohq5QHTUQRY/oGb2iN+vJerHerY9pdMmazRygP7C+fgDkuZ+8</latexit><latexit sha1_base64="eTPEnMd/UlwSdsc04x4ASTajPzQ=">AAACGXicbVBNSwMxFMz6WetX1aOXYBHaS9ktgnqRghcPIhWsLXTLkk3ftqHZ7JJkhbLt7/DiX/HiQcWjnvw3ptsetHUgMMzM4+WNH3OmtG1/W0vLK6tr67mN/ObW9s5uYW//XkWJpNCgEY9kyycKOBPQ0ExzaMUSSOhzaPqDy4nffACpWCTu9DCGTkh6ggWMEm0kr+C4nIgeB3xTir1qecRSlxKOr8de6soQQxCMR5nnlF2ZJb1C0a7YGfAicWakiGaoe4VPtxvRJAShKSdKtR071p2USM0oh3HeTRTEhA5ID9qGChKC6qTZaWN8bJQuDiJpntA4U39PpCRUahj6JhkS3Vfz3kT8z2snOjjrpEzEiQZBp4uChGMd4UlPuMskUM2HhhAqmfkrpn0iCdWmzbwpwZk/eZE0qpXzinN7UqxdzNrIoUN0hErIQaeohq5QHTUQRY/oGb2iN+vJerHerY9pdMmazRygP7C+fgDkuZ+8</latexit><latexit sha1_base64="eTPEnMd/UlwSdsc04x4ASTajPzQ=">AAACGXicbVBNSwMxFMz6WetX1aOXYBHaS9ktgnqRghcPIhWsLXTLkk3ftqHZ7JJkhbLt7/DiX/HiQcWjnvw3ptsetHUgMMzM4+WNH3OmtG1/W0vLK6tr67mN/ObW9s5uYW//XkWJpNCgEY9kyycKOBPQ0ExzaMUSSOhzaPqDy4nffACpWCTu9DCGTkh6ggWMEm0kr+C4nIgeB3xTir1qecRSlxKOr8de6soQQxCMR5nnlF2ZJb1C0a7YGfAicWakiGaoe4VPtxvRJAShKSdKtR071p2USM0oh3HeTRTEhA5ID9qGChKC6qTZaWN8bJQuDiJpntA4U39PpCRUahj6JhkS3Vfz3kT8z2snOjjrpEzEiQZBp4uChGMd4UlPuMskUM2HhhAqmfkrpn0iCdWmzbwpwZk/eZE0qpXzinN7UqxdzNrIoUN0hErIQaeohq5QHTUQRY/oGb2iN+vJerHerY9pdMmazRygP7C+fgDkuZ+8</latexit>

Nuclear matrix elements:

FqS = hN |mq q̄q|Ni/mN ,
<latexit sha1_base64="HcOpM1hgIvPG59k+k6f+tMSpQ5s=">AAACFHicbVDLSgMxFM34rPVVdekmWAQXpc6IoC6UgiCuSkXHFjplyKRpG5pkpklGKNP5CTf+ihsXKm5duPNvTB8LbT1w4XDOvdx7TxAxqrRtf1tz8wuLS8uZlezq2vrGZm5r+16FscTExSELZS1AijAqiKupZqQWSYJ4wEg16F4O/eoDkYqG4k73I9LgqC1oi2KkjeTnCld+0rtNzz2GRJsRWB5wvwcTL0AS9tLeoOzJkXHI/XLBz+Xtoj0CnCXOhOTBBBU/9+U1QxxzIjRmSKm6Y0e6kSCpKWYkzXqxIhHCXdQmdUMF4kQ1ktFXKdw3ShO2QmlKaDhSf08kiCvV54Hp5Eh31LQ3FP/z6rFunTYSKqJYE4HHi1oxgzqEw4hgk0qCNesbgrCk5laIO0girE2QWROCM/3yLHGPimdF5+Y4X7qYpJEBu2APHAAHnIASuAYV4AIMHsEzeAVv1pP1Yr1bH+PWOWsyswP+wPr8AWU6noY=</latexit><latexit sha1_base64="HcOpM1hgIvPG59k+k6f+tMSpQ5s=">AAACFHicbVDLSgMxFM34rPVVdekmWAQXpc6IoC6UgiCuSkXHFjplyKRpG5pkpklGKNP5CTf+ihsXKm5duPNvTB8LbT1w4XDOvdx7TxAxqrRtf1tz8wuLS8uZlezq2vrGZm5r+16FscTExSELZS1AijAqiKupZqQWSYJ4wEg16F4O/eoDkYqG4k73I9LgqC1oi2KkjeTnCld+0rtNzz2GRJsRWB5wvwcTL0AS9tLeoOzJkXHI/XLBz+Xtoj0CnCXOhOTBBBU/9+U1QxxzIjRmSKm6Y0e6kSCpKWYkzXqxIhHCXdQmdUMF4kQ1ktFXKdw3ShO2QmlKaDhSf08kiCvV54Hp5Eh31LQ3FP/z6rFunTYSKqJYE4HHi1oxgzqEw4hgk0qCNesbgrCk5laIO0girE2QWROCM/3yLHGPimdF5+Y4X7qYpJEBu2APHAAHnIASuAYV4AIMHsEzeAVv1pP1Yr1bH+PWOWsyswP+wPr8AWU6noY=</latexit><latexit sha1_base64="HcOpM1hgIvPG59k+k6f+tMSpQ5s=">AAACFHicbVDLSgMxFM34rPVVdekmWAQXpc6IoC6UgiCuSkXHFjplyKRpG5pkpklGKNP5CTf+ihsXKm5duPNvTB8LbT1w4XDOvdx7TxAxqrRtf1tz8wuLS8uZlezq2vrGZm5r+16FscTExSELZS1AijAqiKupZqQWSYJ4wEg16F4O/eoDkYqG4k73I9LgqC1oi2KkjeTnCld+0rtNzz2GRJsRWB5wvwcTL0AS9tLeoOzJkXHI/XLBz+Xtoj0CnCXOhOTBBBU/9+U1QxxzIjRmSKm6Y0e6kSCpKWYkzXqxIhHCXdQmdUMF4kQ1ktFXKdw3ShO2QmlKaDhSf08kiCvV54Hp5Eh31LQ3FP/z6rFunTYSKqJYE4HHi1oxgzqEw4hgk0qCNesbgrCk5laIO0girE2QWROCM/3yLHGPimdF5+Y4X7qYpJEBu2APHAAHnIASuAYV4AIMHsEzeAVv1pP1Yr1bH+PWOWsyswP+wPr8AWU6noY=</latexit><latexit sha1_base64="HcOpM1hgIvPG59k+k6f+tMSpQ5s=">AAACFHicbVDLSgMxFM34rPVVdekmWAQXpc6IoC6UgiCuSkXHFjplyKRpG5pkpklGKNP5CTf+ihsXKm5duPNvTB8LbT1w4XDOvdx7TxAxqrRtf1tz8wuLS8uZlezq2vrGZm5r+16FscTExSELZS1AijAqiKupZqQWSYJ4wEg16F4O/eoDkYqG4k73I9LgqC1oi2KkjeTnCld+0rtNzz2GRJsRWB5wvwcTL0AS9tLeoOzJkXHI/XLBz+Xtoj0CnCXOhOTBBBU/9+U1QxxzIjRmSKm6Y0e6kSCpKWYkzXqxIhHCXdQmdUMF4kQ1ktFXKdw3ShO2QmlKaDhSf08kiCvV54Hp5Eh31LQ3FP/z6rFunTYSKqJYE4HHi1oxgzqEw4hgk0qCNesbgrCk5laIO0girE2QWROCM/3yLHGPimdF5+Y4X7qYpJEBu2APHAAHnIASuAYV4AIMHsEzeAVv1pP1Yr1bH+PWOWsyswP+wPr8AWU6noY=</latexit>

FqT =

Z 1

0
dx x(q(x) + q̄(x)).

<latexit sha1_base64="sKTgDtmBr+my4XCKXXJaAB10wdw=">AAACEHicbZDLSsNAFIYn9VbrrerSzWARWpSQiKAulIIgLiu0ttDUMJlO2qGTSTozkZaQV3Djq7hxoeLWpTvfxulloa0/DHz85xzOnN+LGJXKsr6NzMLi0vJKdjW3tr6xuZXf3rmTYSwwqeGQhaLhIUkY5aSmqGKkEQmCAo+Rute7GtXrD0RIGvKqGkakFaAOpz7FSGnLzRev3aRfTS8cytW97VqwPXCOBsV+cVA6TBwPCdhPNZdMN1+wTGssOA/2FApgqoqb/3LaIY4DwhVmSMqmbUWqlSChKGYkzTmxJBHCPdQhTY0cBUS2kvFFKTzQThv6odCPKzh2f08kKJByGHi6M0CqK2drI/O/WjNW/lkroTyKFeF4ssiPGVQhHMUD21QQrNhQA8KC6r9C3EUCYaVDzOkQ7NmT56F2bJ6b9u1JoXw5TSML9sA+KAIbnIIyuAEVUAMYPIJn8ArejCfjxXg3PiatGWM6swv+yPj8Aa5ZmzI=</latexit><latexit sha1_base64="sKTgDtmBr+my4XCKXXJaAB10wdw=">AAACEHicbZDLSsNAFIYn9VbrrerSzWARWpSQiKAulIIgLiu0ttDUMJlO2qGTSTozkZaQV3Djq7hxoeLWpTvfxulloa0/DHz85xzOnN+LGJXKsr6NzMLi0vJKdjW3tr6xuZXf3rmTYSwwqeGQhaLhIUkY5aSmqGKkEQmCAo+Rute7GtXrD0RIGvKqGkakFaAOpz7FSGnLzRev3aRfTS8cytW97VqwPXCOBsV+cVA6TBwPCdhPNZdMN1+wTGssOA/2FApgqoqb/3LaIY4DwhVmSMqmbUWqlSChKGYkzTmxJBHCPdQhTY0cBUS2kvFFKTzQThv6odCPKzh2f08kKJByGHi6M0CqK2drI/O/WjNW/lkroTyKFeF4ssiPGVQhHMUD21QQrNhQA8KC6r9C3EUCYaVDzOkQ7NmT56F2bJ6b9u1JoXw5TSML9sA+KAIbnIIyuAEVUAMYPIJn8ArejCfjxXg3PiatGWM6swv+yPj8Aa5ZmzI=</latexit><latexit sha1_base64="sKTgDtmBr+my4XCKXXJaAB10wdw=">AAACEHicbZDLSsNAFIYn9VbrrerSzWARWpSQiKAulIIgLiu0ttDUMJlO2qGTSTozkZaQV3Djq7hxoeLWpTvfxulloa0/DHz85xzOnN+LGJXKsr6NzMLi0vJKdjW3tr6xuZXf3rmTYSwwqeGQhaLhIUkY5aSmqGKkEQmCAo+Rute7GtXrD0RIGvKqGkakFaAOpz7FSGnLzRev3aRfTS8cytW97VqwPXCOBsV+cVA6TBwPCdhPNZdMN1+wTGssOA/2FApgqoqb/3LaIY4DwhVmSMqmbUWqlSChKGYkzTmxJBHCPdQhTY0cBUS2kvFFKTzQThv6odCPKzh2f08kKJByGHi6M0CqK2drI/O/WjNW/lkroTyKFeF4ssiPGVQhHMUD21QQrNhQA8KC6r9C3EUCYaVDzOkQ7NmT56F2bJ6b9u1JoXw5TSML9sA+KAIbnIIyuAEVUAMYPIJn8ArejCfjxXg3PiatGWM6swv+yPj8Aa5ZmzI=</latexit><latexit sha1_base64="sKTgDtmBr+my4XCKXXJaAB10wdw=">AAACEHicbZDLSsNAFIYn9VbrrerSzWARWpSQiKAulIIgLiu0ttDUMJlO2qGTSTozkZaQV3Djq7hxoeLWpTvfxulloa0/DHz85xzOnN+LGJXKsr6NzMLi0vJKdjW3tr6xuZXf3rmTYSwwqeGQhaLhIUkY5aSmqGKkEQmCAo+Rute7GtXrD0RIGvKqGkakFaAOpz7FSGnLzRev3aRfTS8cytW97VqwPXCOBsV+cVA6TBwPCdhPNZdMN1+wTGssOA/2FApgqoqb/3LaIY4DwhVmSMqmbUWqlSChKGYkzTmxJBHCPdQhTY0cBUS2kvFFKTzQThv6odCPKzh2f08kKJByGHi6M0CqK2drI/O/WjNW/lkroTyKFeF4ssiPGVQhHMUD21QQrNhQA8KC6r9C3EUCYaVDzOkQ7NmT56F2bJ6b9u1JoXw5TSML9sA+KAIbnIIyuAEVUAMYPIJn8ArejCfjxXg3PiatGWM6swv+yPj8Aa5ZmzI=</latexit>

LX�N =
3cXcqm2

Xm2
N

m2
G⇤

2

⇣
FqT � 2

9
FqS

⌘
(X+X�)(N+N�),

<latexit sha1_base64="6LzI5MwBW/DvQa9hT0EJa4TPLUc="></latexit><latexit sha1_base64="6LzI5MwBW/DvQa9hT0EJa4TPLUc="></latexit><latexit sha1_base64="6LzI5MwBW/DvQa9hT0EJa4TPLUc="></latexit><latexit sha1_base64="6LzI5MwBW/DvQa9hT0EJa4TPLUc="></latexit>



XENON1T + LHC

�SI
DM�N =

µ2
N

⇡
f2
p ,
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⌦Xh2 < 0.12
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KK graviton at LHC



KK gravitons at LHC
• Gluon fusion • VBF(Model A) • Associated 

(Model A) [Model B:  all comparable]

q̄
q̄

q
q

cg cV,H cV,H

⇤ = 1TeV

Associated

Limits from LHC 13TeV



 Light KK graviton: mG < 2mX

• Model A:  gg, γγ (WW, ZZ, hh, gg, γγ) 
below(above) WW threshold.

• Model B:  gg, γγ (gg, WW, ZZ, γγ) 
below(above) WW threshold.
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Model B (m

Cascade DM ann.
KK graviton coupling can be small, 

evading LHC limits easily.

di-jet, di-photon



Visible decays: diphoton

Dijet bound: |c3| . 1.5

No invisible decay

c3 ⇥ c1 = 0.16
⇣�pp!��

8 fb

⌘1/2⇣ ⇤

3TeV

⌘2⇣ �G

45GeV

⌘1/2
.

KK couplings & diphoton production:

• Consider the production of KK graviton via gluon 
fusion,decaying into a pair of photons.

C. Han et al, 2015
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Heavy KK graviton: mG > 2mX
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• Model A:  gg, γγ (XX, WW, ZZ, hh, gg) 
below(above) XX threshold.

• Model B:  gg, γγ (XX) 
below(above) XX threshold.

Direct DM ann. Sizable KK graviton coupling; 
invisible decays open

Mono-γ/jet/Z/W + MET



Invisible decays: mono-jet
g

g

DM
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Graviton-radion 
interplay



ATLAS EM calorimeter:
�⌘ = 0.025

(first layer: �⌘ = 0.003� 0.006)

cf. CMS: �⌘ = 0.0174

Photon-jets 

g

g

s

a

a

γ

γ

γ

γ

If intermediate particle decays into two photons within 
ECAL,  photons are collimated and could mimic one photon. 

✓
ms = 750GeV,

⌘ ⌘ ln cot
✓

2 |�⌘| ⇡ 2ma

Ea

⇣
1� d
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⌘
, d = (c⌧a)� ⇡ 1
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.

ma . 0.5GeV.

, r = 1.5m
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KK graviton and light radion
• Radion is localized toward the IR brane, so it 

couples strongly to KK graviton. 

Lr =
1p
6⇤

r Tµ
µ ⇠

Dillon et al, 2016

Gouzevitch et al, 2013



Radion decays

• Radion decays into multiple photons (2γ or 2π→4γ).

Dillon et al, 2016

• Decay length L is displaced in tracker or within ECAL. 

Model B

LEP e+e� ! �⇤ ! �a ! 3�



Multi-step annihilations
• Dark matter can annihilate into a pair of KK 

gravitons, with cascade decays, G→rr and r→SM SM.

G

G

X

X

X

• Photons from 2-step cascade annihilations are shifted 
to low energies, mimicking muons or taus.

r

r

r

r

See, for instance, Elor et al, 2015.



The origin of photons

• Angular correlations between photons can be used to 
test (1) spin and CP;  (2) direct or cascade decays.

Parton-level cross-section 
at resonance rest-frame:

G: spin-2 vs  S: spin-0
direct decays

cascade decays

G: Direct vs Cascade decays

C. Han et al, 2015; Dillon et al, 2016



Spin-2 vs Spin-0

• Useful information from

• Direct photons from the decay of KK graviton are “more 
forward (30%)” (ENDCAP) and are more separated.
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Direct vs Cascade decays

• Photon-jets coming from cascade decays are 
“more central” (BARREL), closer to scalar 
resonance (cf. photon-jets: 15% in ENDCAP).

Dillon et al, 2016
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Conclusions
• KK graviton can be portals to dark matter and new 

physics.

• KK graviton couplings depend on localization of SM 
particles in extra dimension. Large couplings to dark 
matter and/or universal couplings to gauge fields in RS-
like models lead to distinct signals for DM and colliders. 

• Cascade decays of KK graviton could lead to more 
smooth gamma-ray spectrum for dark matter signals 
and displaced signatures such as photon-jets at LHC.

• It would be worthwhile to study the couplings and 
spectrum of KK graviton in general warped geometry, 
such as linear dilaton background. 



Backup



Light KK graviton

[H. Davoudiasl et al, 2003]

• In bulk RS:

KK graviton can be light for 3-4TeV KK 
gauge bosons,  being consistent with direct 
searches and EWPD.

Wrong-sign kinetic 
term needs new physics. 

mG = xG̃⇤ , ̃ ⌘ k

MP
, (xG = 3.83).

krL = 10� 20 :

• Brane Einstein term:

Lr = �1

2
N2

r (@µr)
2, N2

r =
⇣
1� 2krL

⌘⇣
1 + 2kr0

⌘
> 0,

mA = xÃ⇤ = 0.64mG, (xA = 2.45).

M2
P =

M3
⇤

2k
(1 + 2kr0 � e�2kL(1� 2krL)) > 0.

⇤ = e�kLMP ,

[Falkowski et al & Hewett et al, 2016]

[Dillon et al, 2016]

mG ⇡ 2ke�kL

p
kL

=
0.8mAp

kL



• General warped geometry with dilaton:

kR>>1: Squeezed KK spectrum  

Giudice et al, 2017

Clockwork at LHC

Almost continuous diphoton
resonances.
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