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Dark matter from sky

R (x 1000 1y)

® 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

[Lee,Weinberg(1977)]
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Weak interaction with 100GeV-1TeV mass:
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Interplay of direct, indirect and collider detections!



WIMP—nucleon cross section [cm* |
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Direct detection

updated from SNOWMASS document, arxiv:1310.8327

WIMP Mass [GeV/c?]

No direct evidence for WIMP yet
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Direct detection

updated from SNOWMASS document, arxiv:1310.8327
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® Mass and interaction of WIMP have been
strongly constrained.
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m, [GeV]

DM mediators at LHC
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Mediators & effective interactions for DM
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Beyond EF I operators

® Darl matter (DM) X'is a singlet with spin (0, 1/2, or ).
® [Mediator particle M of spin (0,1,2) couples to DM.

® 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 ?




Extra dimensions and branes

Arkani-Hamed et al, 1998 |Large extra dimensions

Gauss-law: gravity
permeates into bulk.

Gatd
Gy = 2

Randall, Sundrum, 1999 [Warped extra dimension

ds® = 6_2k|y|nuydx“da:” +dy?; —ANg = Ar = 4]{M§).

woll- 2 = e 2P M2 KL ~ 40.

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

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



KK graviton

® Higher dimensional graviton is expanded as

X" ()
hag(z, @) Z h n;
n=>0 * \/r_C

h{)(x): massless graviton === 4D gravity

h(n#O) (z) : Kaluza-Klein gravitons sl | Massive

spin-2
messenger

1 » 1 =
L= 3T @has(x) = 1-T(2) 3 haj ()
Mp, =

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

k
KK masses: “discrete” "¢ = 3~ rah mag S 3.83A

re = 3.83, first zero of J1 (z¢)
KK couplings depend on localization of matter fields.



Clockwork theory

® Clockwork theory: nearest-neighbor interactions.

N N—1 . .
1 m? ,  Choi,Im,2015; Kaplan, Rattazzi, 2015
£=5 2aﬂ¢fﬁ“¢j ~ o 2% 9% Giudice etal, 2016; HML, 2017
j= j=
( 1 —q 0o .- 0\
—q 1+q2 —q 0
0 —q 1+¢ -- 0 ! Ay
Mg =m’ z sq +q | ¢ \J
1+¢* —g
\0 0 0 - —q¢ &)  j=0 12 N-1 N
| |
=l v = @v-1=--= 5o :ground state of clock gears

Nth clock gear moves least, most weakly coupled:

¢; = graviton: weak gravity

Matter couplings depend on localization.

<@=P» Bulk force + brane fields in warped extra dimension



Gravity-mediated
dark matter



Riggs mass and KK graviton

® Bulk RS model (Model A): Higgs & top quark on IR
brane; light fermions on UV brane; gauge fields in bulk.

& QQ»
>
V*Q s : :
& ¥ Higgs/VWIMP hierarchy:
& N
St mg m
= L2 e « 1.
. -5 Mp Mp
) 4 70
§ Gauge / % E
= Flavors and strong bounds from
e .
5 dileptons favor bulk RS model.

Gravity
mediators

A

KK graviton decays into
Y = e hh, tt, WW, ZZ

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



Holography dual

AdS CFT
® radion ® dilaton  dilatation symmetry
o KK-graviton ® spin-2 resonance
0 CFT diffeomorphism
® Matter-brane ® “elementary”
® Dark-brane ® “composite”

DM: composite state, Z; from global symmetry.

Pure dark QCD (SU(2)): spin-O(broad)& spin-2 are the lowest.
[V.Sanz, 2016]



WIMP and KK graviton

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

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

& 3
& 3130 :
Y Nk WIMP hierarchy:
mx
[ v
Gauge

couplings to gauge fields and
KK graviton larger couplings to WIMP
y =0 Y = Y. dark matter.

| Grz}vityj / KK graviton has universal
mediators




Direct annihilations

® Dark matter annihilates mainly into a pair of
SM particles through KK graviton.

X SM
}( CSM
G
X SM
Model A: SM=Y,g,W|,ZL,h(t,b) Model B: SM=Y, g, W, ZT

® DM annihilates sizably into a photon pair.

G\2 .
Model B: _LCc007) (cB) 01 cf. scalar r;wQedlator
Pe(total) — 8(cg)? + (c3)? Bryy ~ — ~0.01

Qg

* Fermi-LAT or HESS line searches.



Cascade annihilations

® Dark matter can annihilate into a pair of KK
gravitons, each of which decays into SM particles.

® Light SM particles are boosted and “box-shaped”.
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S-channels (or Model B) need a larger KK graviton coupling.



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

m = 100GeV, Fangano, Model A

we-=100GeY, Hinasto, Model B
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® s-channel depends on DM spins: vector DM is strongly
constrained by gamma-rays and anti-protons.



Fermi GeV-excess
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[Daylan et al (2014)]

Gamma-ray excess from galactic
center at |-2GeV

® VDM annihilations, XX—bb or
XX—=>GG—bbbb in cascade, could
account for GeV excesses.

[HML, Park, Sanz, unpublished]



Bounds on boxes

® Narrow boxes: 7, ~1 Vector DM is most constrained.

M ~0.99, Bsasio, Model A: vDM
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® Narrow boxes from vector DM with masses of
9-30 GeV are excluded in both Model A and B.

® Wide boxes: 7 <1 Similar bounds for all spins of DM.



Direct detection

[A. Carrillo-Monteverde,Y. Kang,
HML, M.Park,V. Sanz, 201 8]

® FEffective DM-quarks interactions

DM ° DM DM DM
P
) :q k q q
LrK = —% G (cgTPH 4 exTHH) Leg = —n?; = -~ ;T‘JTX>

Nuclear matrix elements: (N (p2)|iLeg|N(p1))

2 2

SCchmeN( 2 ) N AT A
N = — —= X" X )(NTN
» Lx_n MZA2 For — 5 Fqs ) ( )( ),

Fos = (N|m,qq|N)/my, Fur = / dz (q(z) + g(x)).




XENONIT + LHC

mg=150 GeV, cy=cy=Cs=Cx=1
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KK graviton at LHC



KK gravitons at LHC

e Gluon fusion e VBF(Model A) ® Associated
[Model B: all comparable] (Model A)
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Light KK graviton: mg < 2mx

Model A (m__=1.5xm,) Model B (m__ =1.5xm)
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Cascade DM ann.

® Model A: gg, YY (WW, ZZ, hh, gg, YY)
below(above) WW threshold.

® Model B: gg, YY (g8, WW, ZZ, YY)
below(above) WWV threshold.

KK graviton coupling can be small,
evading LHC limits easily.

di-jet, di-photon




Visible decays: diphoton

C.Han et al, 2015

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

1072 !

Excluded out by dijet

A =3TeV, mg = 750 GeV

No invisible decay

A2L8 uojoydip £q pamoqy
$S20Xa uojoydip AILET
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KK couplings & diphoton production:

. 1/2, A \2; Ta \1/2
o (%52) ) ()
G 3 th 3TeV,) \45CeV

Dijet bound: [c3| < 1.5



Heavy KK graviton: mg > 2mx

Model A (Vector DM, mDM=1OOGeV) Model B (Vector DM, mDM=1OOGeV)

G— hh
—_G— 2ZZ
==G—WW |

Sizable KK graviton coupling;
invisible decays open

® Model A: gg, YY (XX, WW, ZZ, hh, gg)
below(above) XX threshold.

Direct DM ann.

® Model B: g9, YY (XX) Mono-Y/jet/Z/W + MET

below(above) XX threshold.



Invisible decays: mono-jet
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Graviton-radion
interplay



Photon-jets

ATLAS EM calorimeter:
An =0.025, r=15m
cf. CMS: Ap =0.0174, r=13m

(first layer: An = 0.003 — 0.006)

R
S \
a \% Y

An KOA [}
B = In cot é 9 d 7 1 E

. = 5 ~ ma L ~ _—a,

" ’An‘ -~ Ea, (1 B ;)7 4= (CTCL)7 - L'y mg .
mememmememeemem———— Q - .{.----.. ..... <

Beam zaxis » ms — 750 Gev, ma, A~ O°5 Gev-

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




KK graviton and light radion

® Radion is localized toward the IR brane, so it

couples strongly to KK graviton. Dillon et al, 2016
Profiles c1=0.01, c=0.]
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Radion decays

d,=d»=d; Dillon et al, 2016
1, ———————— =2 -~ + I -
; T\ | LEP c¢¢ =7 —va—3y
0.5007 VV f\_ gg 1 1,
i s
E S (=) _oio
0.100 - ; o S 3%
o4 0,050 i 3l< ;
A | KK E
! S
! —
0.010 5
0.005 \ 5 |
] Model B
| 'k I ! ! oo
0.1 05 1 5 10 10  -05 00 05 10
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® Radion decays into multiple photons (2y or 211—>4Y).

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



Multi-step annihilations

® Dark matter can annihilate into a pair of KK
gravitons, with cascade decays, G—rr and r—5SM SM.

I 1 I I 1 |
Generic Cascade

X
O
LY ~‘1
/fﬂ\
X dN7 fdx

.
G -
‘\’\’\ 10_; . - ”
X :
I YL 0-Step vs yy Cascade
¢' [ =073 highter gray corresponds to longer
Re 2 cascades. ranging fromn=1-7

See, for instance, Elor et al, 201 5.

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



The origin of photons

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

® 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: cascade decays
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G: spin-2 vs S:spin-0

~ G:Direct vs Cascade decays




Spin-2 vs Spin-0

C.Han et al, 2015

]

do
O‘dC@*

........

FITTETTT]

BARREL ENDCAP

-1 -08 -06 04 02 0 02 04 06 08 1

0 0.5 1 1.5 2 2.5 3

6* : photon angle from beam in

rest frame of the resonance | * pseudo-rapidity separation

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

e Useful information from N, p)/, B, cos 0*, etc.



d&/d cos 0%

Direct vs Cascade decays

Dillon et al, 2016

C' M. frame © gg initial process at 13TeV LHC
c) 0.8 p—mm——— —
1.2 lx( — g9 = G =TT = ey | O - ~Barrel E End cap
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- —_— gy S, |
1.0_- ',’q T V 0.6 !
0.8} i
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® Photon-jets coming from cascade decays are
“more central” (BARREL), closer to scalar

resonance (cf. photon-jets: 15% in ENDCAP).



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.

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

ok _
® Inbulk RS: ma =xzgiA k=g A=e""Mp, (1g=383).

ma = xakA = 0.64m, (xa = 2.45).

1

® Brane Einstein term: ALgrs = M/ gihy rod(y) 1 redly — L))
ke kL .
» mea ~ ¢ — 0.8m4 [H. Davoudiasl et al, 2003]
vV kL V kL

[Falkowski et al & Hewett et al, 2016]

krr = 10 — 20[: KK graviton can be light for 3-4TeV KK

gauge bosons, being consistent with direct
searches and EWPD.

. . . 1

Wrong-sign kinetic Ly =~ N2 (Or)2, N7 = (1= 2krs) (14 2kro) >0,

term needs new physics. M3
M2 = —= (1 +2krg — e 2 (1 — 2krz)) > 0.

[Dillon et al, 2016] 2k
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Clockwork at LHC

® General warped geometry with dilaton:
3
S = /d5a:\/7—g % e” (R + (0pS)* + 4k2>
ds® = e%kw'(nwda:“da:” +dy?); S=2kly|. —Ao=A,=4kM;.
M3
M3 = =2 LyestE, » kR>>1:Squeezed KK spectrum
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Giudice et al, 2017
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