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WIMP dark matter

DM DM
e About 25% of the total energy
®* Not standard model particles
SM M (WIMP, SIMP, Forbidden DM and so on)
> Thermal WIMP was in the thermal ouor |
equilibrium with the SM particles o
.‘g 10-7 Increasing <o,v> :
© WIMP had 'freeze-out’ from the thermal ; :;:
equilibrium (cf. freeze-in is also possible) E ________ |
- ]
107 27cm3s—1 0.01\2 2 N s :
Q h* ~ 0 x 10 Tem?s %0.12(—) ( m ) S o 1
<JU>X>€—>¢@Z « 100GeV o ;
central value weak scale o il

x=m/T (time -)

from Planck

o~ Dark matter search : Direct, Indirect, Collider



Dark matter search - Direct
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etection

® Direct detection bounds are getting strong. Especially XENONIT updated

the strongest bound. Also, light DM area has been covered.
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DM Mass [TeV]

Dark matter search - Collider
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¢ |f mediators couple to the DM and SM, it is constrained by collider search in

mono-X or dijet search at the LHC -> Mediator models can be measurable!

P

Ex) vector mediator with Dirac fermion DM
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Mediator models -

® Mediator models can be measurab

® |ntegrating mediator out leads to t

DM SM

DM

Spin-0

Real / Pseudo scalar

DM

sM DM

S-M. Choi, YJK, H. M. Lee
(1605.04804)
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Motivation

e at the LHC

Spin- |
U( )4 gauge boson

S-M. Choi, YJK, H. M. Lee
(1610.04748)

ne effective operators for direct detection.

SM SM

Spin-2
Massive graviton

A. Carrillo-Monteverde, YJK, H. M. Lee,
M. Park and V. Sanz,
(arXiv:1803.02144)

DM

SM SM

Today's Topic
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Spin-2 particle - Motivation

e Spin-2 particle has considered to explain weak gravity naturally.

|. Extra Dimensions

Gravity becomes

: . M
Arkani-Hamed et al ('98), .| ¢ graviton is /
Randall & Sundrum ('99) localized on UV | UV brane >< IR brane

brane. \/

Higher dimensional graviton is expanded into massless graviton and Kaluza-Klein
gravitons.

AN

\

2. KK graviton

Kaluza-Klein gravitons can be massive spin-2 messengers.

Also, it is localized on IR brane in RS model.
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Spin-2 particle - Motivation

e Spin-2 particle has considered to explain weak gravity naturally.

3. Clockwork theory AMAN _ A

1 1
Py = E¢N_1 = "'ﬁqbo : ground state of clock gear

, ' . K. Choi and S. H. Im (1511.00132),
¢; can be graviton to explain weak gravity. D. E. Kaplan and R. Rattazzi (1511.01827),

)
G. F. Giudice and M. McCulough (1610.07962),
H. M. Lee (1708.03564)

Well motivated!!



7/23

Spin-2 mediator model

®* We consider the spin-2 mediator for dark matter in model-independent way.

® The tensor structure is dictated by Lorentz invariance only.

C C
P, = SM @ HvTSM DM @ Hv DM
nt A 121% A 121%

where ©# :massive spin-2 mediator, 1., : energy-momentum tensor

Dark matter can be spin-0, | and /2

In this work, we considered only quark coupling among the SM particles

H. M. Lee, M. Park and V. Sanz
(1306.4107, 1401.5301)



Spin-2 mediator moc

® The tree-level scattering amplitude b/w DM and quark though a massive

spin-2 propagator.

el

DM(k,) Al DM(k,)
g
N(p1) C;M N (p2)

where GV :massive spin-2 propagator

! >
ab(q) = (G*G* + GG - GG )

GH = gt — q9'q”
mg

It satisfies traceless and transverse condition.

H aﬂ‘@/ﬂ/,aﬂ —

0, ¢

pv,af =

0
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Spin-2 mediator model

®* When the mediator is integrated out, the amplitude is consisted of trace
part and traceless part of the energy momentum tensor

_ LCpMCsM <2TDMTSM,,W _ lTDMTSM>
2mZA2 N R

traceless part trace

® The energy momentum tensor depends on the spin and is function of its
momentums

1
T* = ——uy(k2)( — 6(Ky + k3) + 16my Juy (k1)
4
if fermionic 1 1
DM T, = = (k) (b + k) + 0k + k) = S (B + o) ()

We consider spin-0,| and |/2 types of dark matter
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Fffective field theory approaches

® EFT approaches are suitable with scattering processes b/w DM and nucleons.

DM DM oM o
aquark quark

or or
gluon gluon Nucleon Nucleon

® The scattering at experiments depends on the detector material.

2 2

I I 2 ! |4 = T 2 Z C.(N)C.(N,)F.(.N’N/)(Vz, qz)
2jx+1 2y + 1 32r (m)(+mT)2 m]%, - S

spins
form factors are related to nucleon responses

And the form factors for the basic response depending on each detector are
provided in the reference such as F Na, Ge, Xe

Fitzpatrick et al (1203.3542, 1308.6288)
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Ffective operators

® Consider the elastic scattering of dark matter and nucleon.

® The interaction Lagrangian can be written by effective operators

LX) = CEEHT)O, Y (F) Wi )0\ (T)

N

e Amplitude is Z (an)ogn) + cEp)O§p)) O; is formed from the O, and Oy
i=1

® 4 basic Hermitian quantities

|. Momentum transfer 7
7 v
2. Relative perpendicular velocity 7'+ =7 + — T

— 2N
3.5pin of WIMP 5,

4. Spin of nucleon ?N

—

where MUy : reduced mass of DM and nucleon and vV1-¢ =0

Fitzpatrick et al (1203.3542, 1308.6288)
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Ffective operators

Interactions Other interactions
involving spin-0 or | mediator not involving spin-0 or | mediator
1O +01 = 1Ly NLO =012 = S, - (Sy x 7
_ 142 ~ ~ -
02 — (’U) 3 O3 = Z(SXUL)(SNL)
~ q — | my
O3 = Sy (— xT7) -G -
L O = i(Sy-—)(Sn -7
LO _’04 — X N m]\_[, .
N O = —(Sx - —=)((Sy x 7%)- =)
05 — ZSX m—X’l?) X my myN
N L S
. > 7 O = —((S, x ) —L)(Sy - —L
0s = (5. LGy L) 16 ((Sx ) mN)( N mN)
my my \
_ g =l
NLO{O7 = Ono '
- Sx-ﬁL 72
O = O15 +—5012,
N

Fitzpatrick et al (1203.3542, 1308.6288)
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Matching with form factors

e Form factor for the scalar current
Y : SM quarks

49=P1— P
Trace of the energy-momentum tensor : TV = — m, i1, (p,)u,(p;)

Matching from quark to nucleon : (N(p,) | m, yiy | N(p))) = Fy(q*)myiin(puy(p,)

J. Zupan et al (1708.02678, 1710.10218)

If g=0, (N(p)|m,yi |N(p)) = f7, myiin(P)uun(p) Pl oo | ff, | o017
- Pl oo | fly| o017

mass fraction of light quarks in
a nucleon ~ | 0020 | fR | 0020

K. Ishiwata et al (1012.5455)
A. Corsetti et al (hep—ph/0003186)

H. Ohki et al (0806.4744)
H. Y. Cheng 1989
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Gravitational form factors

p'=(p1+p/2
® Gravitational form factor Matrix elements of the energy-momentum tensor

' 1
(N(p) | T, IN(p)) = ity(py) A(qz)y(ﬂp,,ﬁB(qz) : p@, 6,,4" + Clg>)— (qﬂqy—quz)] un(py)

1
= —2A(¢")T,, + —iiy(p) [B(qz) Puod’ + Ca*) a4, — 1,49 )] un(py)

NSNS N E e e

All defined inside nucleon.  mass fraction  related to spin information  pressure distribution
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Gravitational form factors

p'=(p1+p/2
® Gravitational form factor Matrix elements of the energy-momentum tensor

' 1
(N(p) | T, IN(p)) = ity(py) A(qz)y(ﬂp,,ﬁB(qz) : p@, 6,,4" + Clg>)— (qﬂqy—quz)] un(py)

o
T — () |[BG)5 P’ + Ca,4, = 1,4°) i)

N E e e

All defined inside nucleon.  mass fractlon related to spin information  pressure distribution

In the case of 5-dimensional AdS spacetime and the transverse-traceless gauge,
the remaining term is only A term in the 5D action.

.. we can set A(g”) #0, B(g*) = C(g*) =0 Z. Abidin and C. E. Carlson (0903.4818)

Therefore, the traceless partis (N(p,) |TY,|N(p)) = Fi(¢g»)T), with Fr(g®) = — 2A(g?)
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Gravitational form factors

p'=(p1+p/2
® Gravitational form factor Matrix elements of the energy-momentum tensor

' 1
(N(p) | T, IN(p)) = ity(py) A(qz)y(ﬂp,,ﬁB(qz) : p@, 6,,4" + Clg>)— (qﬂqy—quz)] un(py)

o
T b — () [BGD) Poid’ + CaDNG, = 1,087 i)

N E e e

All defined inside nucleon.  mass fractlon related to spin information  pressure distribution

In the case of 5-dimensional AdS spacetime and the transverse-traceless gauge,
the remaining term is only A term in the 5D action.

.. we can set A(g”) #0, B(g*) = C(g*) =0 Z. Abidin and C. E. Carlson (0903.4818)

Therefore, the traceless partis (N(p,) |TY,|N(p)) = Fi(¢g»)T), with Fr(g®) = — 2A(g?)

H=my; CTEQ
3 F(0) 1 ) u(2) +u(2) 022+0.034
If =0, (N(p)|TY%, |N(p)) = —— <pﬂpy - Zmﬁgﬂyﬁzv(p)uzv(p) d2) +d?2) 0.11+0036
My s(2) +5(2) 0.026+0.026
I c(2)+c(@) 0.019+0.019
and F-0)=yw(2)+p2) = J dx[y(x) + w(x)] b(2) + b(2) 0012+0012
0

NRO—— K. Ishiwata et al (1012.5455)
second moments of PDF J. Huston et al (hep-ph/0201195)



Fffective o

herators In spin-2 med.

MOC

® Dimension 8 operators emerge because of the spin-2 mediator.

NR
Spm 0 2.0,
Iz (J(NN) 4im,myONR
_ .4 2
172 (0K, Nio"—=N) AL G0N ~ 16m2myON®
my My Y
4 .
1/2 (P,,t)(w”pm—N)()(NN) —4qu *OTR + 16m,myO®
2
1/2 ( ;ﬁaﬂﬂi x)WNic, LN ( G0N — myOR)
mN mN mN
i 4, —43(72@NR — 4miOYR)
1/2 (Pﬂ)?id”p—)()(KyNwM N) N 1 NY3
o - X (q2ONR — 4m,myONR)
0 (S:S)(NN) 2myONR
' V NR
0 i(5%0,S — 59,5%)(NY"N) dmgmy0
1 NN 2my (e, GEK)@I;IR
o o 4 [~ 7
1 €1’2N16a/1m—NN 4zm]%,< Sy + (€12 X m—N))
1 k 2yNioMZ—ij m (G2ONR — 4m20NR)

15/23

el
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FHfective operators in spin-2 med. mode|

® | eading terms are independent of DM spins.

Unsuppressed operator for

® Fermion DM DM-nucleon scattering
c,c,,mem 2 4
Z 2L R 1+ + L) - 2 LR — gF 0Nk - —L_p MR
X 2m2 A2 . 3m3 3m2 S I — {710 S

—2
Sy <1 ¥ q—> R 4 2 g oNr S o g

m, 8my n, i
e Scalar DM
2 2 —) 72
P — F.l6—— —Fg| 1 —-— @
S.eff 2mZA2 [ Tg | m§> 3 ( 2mg >] S

d3 d3 o
Dimension : / (277)3p2E E\P and / (27r)3p2Ea§<T) per each nucleon & DM state are to be multiplied.
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Fffective operators and direct detection

Fitzpatrick et al (1203.3542, 1308.6288)

In the CM frame, the relative velocity is v .

7%
ER - — =
2mT mr

(1 —cosf) :recoil energy for nucleon coherent scattering,
where mt : target mass

> —8) » _79

DM Nucleon /

The differential scattering event rate per recoil energy : Counts/keV/kg/day

dR; Pt do
. = )
dEp m, uzv d cos 0

with scattering cross section depending on the detector material.

do _ 1 1 2 1 |ﬂ|2 =_Z Z (N) (N)F(NN)(V q)

dcos6  2j,+1 2jN+1Splns 32 (m, + mp)?>  mg =

form factors are related to nucleon responses
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Differential Event Rate

dRp do
— S (N).(N) p(N,N')
a5, «2 2 eVF;

® We can calculate the recoil energy spectrum. d cos 6

i,j N,N'=n,p

—~ 0.100 L

dRp/dER(KeV-"

107°

0.100 -

dRp/dER(KeV-")

1077
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Relic density
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e The relic region below mpm=250 GeV is excluded by direct detection, except the

resonance region.

® |t can be tested at the LHC and direct detection.

¢ |f we consider gluon coupling, relic density lines will be lower.

mg=150 GeV, cy=Cy=Cs=Cx=1

- N\
- .
- 9
i 5
107"
Ms 1 Qh*<0.12
AN
1072
- ] XENONAT
" [] fermion DM
. I scalar DM : \
| vector DM
10—3 Ll L1 v I N A
1 10 102 4 10°
mpm (GeV) Resonance

at 2mpM~Mmg

—

mg(GeV

500

400

300

200

100

N=3 TeV, cy=cy=Cs=Cx=1, Qh?=0.1198

[ = === Scalar DM

Fermion DM ] d

Vector DM

XENONAT

I I | I I I
200

‘3(‘)0‘ o
mDM(GeV)
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Constraints - direct detection

® The same spin-independent scattering cross section for all the spins of DM

2
1
O[S)IM_N = W—A\Q(ZfZ?M + (A — Z)fT?M)2 Due to trace part of the T,

e R T PTG oo lc oo o

7 = T e+ ie)

’(b:'lj,,d,s’C,b ; SRR R

Due to traceless part of the 7,

10743

—

9
~
N

It's constrained by XENONIT
XENONIT (1805.12562)

WIMP-nucleon og; [cm?]
=

—

9
IS
N

p—
2
N
Q
|
]

WIMP mass [GeV/c?]

fDM:mN( S ey 2 5 ﬂ) Y. Mambrini (1108.0671)

p,n

c.f.-scalar med. (Higgs portal)
Y=u,d,s PY=c,b,t My
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Constraints - Collider search

® There are ATLAS dijet constrains to BR(G — ¢3).

For 100 GeV~ mediator.

ISR photon + dijet

g‘l 02 él L L rrrprr T T T T 'E 3 1 O L I L L L L L IO~
— C ATLAS ----- Theory (g =0.5) : E‘- C ATLAS _____ Theory (g =0.5 ]
NI Vs =13 TeV, 36.1 fo — Observed 96% CL limit | < —_ Obsers\’legq;S‘.V )CL limit
X7 S=I9 1oV, o1 . Expected 95% CL limit | X - (s=13TeV, 36.1 fb" PR

O 10 Jet channel Expected limit t1 6 3 — Phot h - Expected 95/° CL limit
& - c o Lt <2 3 g {1 o Fhoton channe Expected limit +16 S
T - xpeciedimi =20 1 1 ; Expected limit +2 ¢ E
Tl | NI :
o . T1 o' =
Q C 7 o - -
‘6’ L o .
B i o L i
10 E 5 I |
- . 107 E
1 0—2 cao o b v b b b b B B

1 OO 1 20 1 40 1 60 1 80 200 220 1 0_3 L1 ‘ L1 1 | L1 | | L1 1 | L1 1 | L1 1 | | | [

m,. [GeV] 100 120 140 160 180 200 220

e
m,. [GeV]
q q q q
X X
q q q

" ATLAS (1801.08769)

Q
2
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Constraints - Collider search

® There are ATLAS dijet constrains to BR(G — q3).

For 300 GeV~ mediator. For 500 GeV~ mediator.

dijet resonance

ISR photon + dijet

§1OEI |||||||||[|1||I §1E|||||III| S 7||[“|||“‘ ]
— - s=13 TeV, 15.5 fo- = C 's=13 TeV, 15.5 fb™ 2 ) ATLAS 95% CL upper limits

s X +] (P, >430 GeV) s X+y (P, >150GeV) ] @ 10°: o oqev Observed 3

ly *1<0.6 * ' X B B —— o,./m,. = Res. ]

s Yos | < x ly,,1<08 < [ 36| 20817 oImS_0.05 -

- - o4/mg = 0.07 : 107 ¢ og/mg = 0.07 ] o 10- —— 6/mg =0.10 =

—— og/mg = Res. C —— og/mg = Res. ] - Expected .

i . ) N e 65/mg = Res. (£ 1-20)

- i 1 AL G4/mg = 0.05 .

N

107 /\/\ E 10721

- ATLAS Preliminary
10—2|||||||||||||

A, 65/mg = 0.07
o GG/mG=O.1O

L I\JHHl

1 \IIHIl

| | - ATLAS Preliminary | | |
L L L L L L L —3 1 L 1 | 1 1 | [l | I 1 . ‘ ‘ . . : ‘ L
300 400 500 600 10 500 1000 500 1000 1500
m, [GeV] m,, [GeV] mg [GeV]

ATLAS-CONF-2016-070 ATLAS (1804.03496)
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Constraints - Collider search

® There are ATLAS dijet constrains to BR(G - qq) .

For 300 GeV~ mediator. For 500 GeV~ mediator.

SR photon + dijet

ISR jet + dijet

g 1 0 E T T T T | T T T T | T T T T I I ‘ | : : : ] I I I
= I 's=13 T 16 ATLAS 95% CL upper limi ]
— . . — —— —r— [ o pper limits
o r X +i(P > L s I i T Dljet |
m i | *JI ( 6 e, :A1iLAS brelm‘knary . 1  (s=13Tev,370%" |=13TeV Obse”"jd . ]
X B y <tV | | ] Phys. Rev. D 96, 052004 (2017) | _ ~ —— 64/m; = Res. N
23 a 14 0 |k B 5| 293fb" . _ -
< ——oght & [ | B ] Dijet TLA ) — ngmG - g.gg i
X 1 = - e Ha i Vs=13Tev,203f" 9.3 | [y"|<0.6 ¢ eT -~
B E T OGJI = 1.2~ |2 || — arXiv:1804.03496 — Og/Mg = 0.10 =
- el O - e 1 — Dijet + ISR Expected .
- i 7] Vs=13Tev,155f7" | == 0¢/Mg = Res. (+ 1-26)-
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Collider searches for other couplings

e |f spin-2 particle couples to gauge bosons and Higgs, we can consider
gauge bosons or Higgs pair final states at the LHC.

® In this case, these couplings would affect the DM phenomenology as
well as the LHC searches. B. M. Dillon, C. Han, H. M. Lee and M. Park (1606.07171)
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V. Conclusion

We consider the spin-2 mediator model between DM (spin-0,1 and 1/2) and
SM quarks. -> Measurable at LHC

The mediator which Is integrated out induces effective operator. Valid from
Collider search / DM annihilation to direct detection

We show the differential event rate for direct detection experiments.

DM relic density condition Is constrained by direct detection and LHC dijet
searches.

We can expect searching for spin-2 particle as a mediator between DM
and SM in dijet search or other gauge boson and Higgs pair searches at collider.

Direct detection with gluon coupling is work in progress -> only Twist-2
operator in tree-level.
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Gluon contribution

C

DM ™M DM DM D DM DM DM
| 7
i € + ¢, 4 ... »
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g 3 g g g g p
Tree One-loop
Trace part: frg~1-— Z fr,  for scalar current
u,d,s

1

e ) 1 1 ]
Trac;ai;l;ee © (NP TE,IN(p)) = m—N(pﬂpy - Zm]%,gﬂ,/)G(z)uN(P)uN(P), G(2) = L dx xg(x)

G(2)=0.48 at the mz scale using CTEQ parton distribution

s 1
Tree-level has only trace-free part -> twist-2 operator —}Tﬁ’y =T1,,=-G6,G/ + ZnWGpaGPG



Light DM case

MpM 5 10 GeV

o [ight dark matter experiments for sub-GeV constrain such as
DarkSide-50, CDMSlite and so on.

N=3 TeV, cy=c,=Cs=cx=1, Qh?=0.1198
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Mediator resonances become

important.
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DM annihilation cross section

1 H. M. Lee, M. Park and V. Sanz (1306.4107)
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Indirect detection bounds

mG//\

H. M. Lee, M. Park and V. Sanz (1401.5301)
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Astrophysical bounds are DM spin-dependent.
Therefore, we can distinguish DM spins from Indirect detection.
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Spin-dependent cross section

¢ WIMP model-independent formula
P. Gondolo et al (hep—ph/0005041)
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Inelastic scattering

L. Baudis et al (1309.0825)

e Start from energy, momentum conservation for WIMP-nucleus scattering

gt qF g
2m,  2m, 2my

WIMP initial,
final momentum

q.

42 — (ZMAVi cos f)q + 2,MAE* =0 with V; = — and [ is the angle between 4> 4
m
X

® From the solution, we can derive the minimum and maximum recoil energy.

(V) 2E* \2
ER,min(max) — Ym (1 + 1 - P 2 > s Vimin = \/2E*/MA
A AVq

e Experiments can search for a total energy deposition, E_ .. = f(Eg) X Ep + E*

f(EpR) is an energy-dependent quenching factor for nuclear recoils.

Only this fraction of the nuclear recoil energy will be transferred to electronic excitations.

dR
instead of —2

e Therefore, we need to calculate ,
dE dEp




