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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

0.01 f

equilibrium with the SM particles o

e WIMP had 'freeze-out' from the thermal 2 increasing <o,> |
equilibrium (freeze-in is possible) 3 o
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e Dark matter search : Direct, Indirect, Collider



Direct Detection - experiments

PDG 2018
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Direct Detection - differential event rate

Fitzpatrick et al (1203.3542, 1308.6288)

In the CM frame, the relative velocity is v.

2mT mT

(I — cos0): recoil energy for nucleon coherent scattering, mr : target mass

-9 =P d

DM Nucleon /

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

dR; =N< Pyt do >

dEg m, puzv dcos

with scattering cross section depending on the detector material.

2
do _ .1 | 1 2 | | A | =_2 Z (N) (N)F(NN)(V )
deos® ~ 2+ 1 2y + 1 & 307 (my+mp? — mi &4 e

form factors are related to nucleon responses



Mediator and EFT

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

M M DM DM
quark quark
or or

gluon gluon Nucleon Nucleon

® Mediators can be directly produced in the early Universe or at the LHC.

SM DM

DM\ /Sl\/| \ /
/ Mediator\ /Mediator\
DM SM SM DM

.. "EFT is valid from freeze-out/LHC to DD"

Marco Cirelli et al (1307.5955), Kathryn M. Zurek et al (1506.04454),
Andrea De Simone and Thomas Jacques (1603.08002)



Mediator and EFT

e EFT approaches are suitable with scattering processes b/w DM and

o - DM DM
guark tiediator quark \ /
. N / \
gluon gluon
\-b Mainly spin O, |
o can be directly produced in the early Universe or at the LHC.
DM SM SM DM

N/ NS
DM/ \SM SM / \DM

.. "EFT is valid from freeze-out/LHC to DD"

Marco Cirelli et al (1307.5955), Kathryn M. Zurek et al (1506.04454),

Andrea De Simone and Thomas Jacques (1603.08002)



We consider Scattering of dark matter and nucleon

in the spin-2 mediator model with the effective operators

and compute differential event rates for direct detection.



Spin-2 Graviton and Mediator model

® Spin-2 graviton has been studied to explain weak gravity with the Extra dimension model,
Kaluza-Klein tower, Clockwork theory and so on.

For example) clockwork theory

1 1
Py = ;qu_l — ."ﬁgb@ ground state of clock gear AC

® There are gravity-mediated models

Matter

Gauge

can be graviton to explain weak gravity.

mediato

Gravity
rs

Dark Matter

EWSB, Higgs

Bulk RS model : Model A

K. Choi and S. H. Im (1511.00132),
G. F. Giudice and M. McCulough (1610.07962),

IR brane : Higgs, DM, top
UV brane : SM matter
Bulk : Gauge field

D. E. Kaplan and R. Rattazzi (1511.01827),

H. M. Lee (1708.03564)

UAN -

| ——

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

mpym=100GeV, Model A

s=1/2

100 150 200 250 300
mg(GeV)

\5\0 L
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Spin_z Media—tOr MOde‘ H. M. Lee, M. Park and V., Sanz

(1306.4107, 1401.5301)
® We consider the spin-2 mediator for dark matter in model-independent way.
® The tensor structure is dictated by Lorentz invariance only.

CSM »yvsSM DM 5y nDM
Lint — g'u T,Lu/ o g'u T,UJ/

GHV : massive spin-2 mediator
A A <

T

', - energy-momentum tensor



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.

~ Csm Q’“’TSM CDM g,,,yTDM <
T

uv

6

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

GHV : massive spin-2 mediator

. energy-momentum tensor

® We consider the tree-level scattering amplitude b/w DM and quark though a massive
spin-2 propagator.

C C — k, —
M= — D“XzSM oHed| 1=
Massive spin-2 propagator
c%M (ko) g satisfies transvlerse, traceless condition.
e PHYAB (q) = i(G“’O‘G’”ﬁ + GYeGHP —
e O«

ma

— ki =p;—p>
2
ZQHrreb
3 )



6

Spin_z Media—tOr MOde‘ H. M. Lee, M. Park and V., Sanz

(1306.4107, 1401.5301)
® We consider the spin-2 mediator for dark matter in model-independent way.
® The tensor structure is dictated by Lorentz invariance only.

K1V : massive spin-2 mediator
_ Csm SM CDM DM g P
o = -GS Dugupan

T

"y . energy-momentum tensor

® We consider the tree-level scattering amplitude b/w DM and quark though a massive
spin-2 propagator.

CDMCSM =k, —k
M = — q 2K =P1— D2
Massive spin-2 propagator
c satisfies transverse, traceless condition.
x (k1) - X (k2) g ) 5
'g Prei(q) = H(GMG™ + GUGHT — S GG
N(p1) o N (p2 YR
- (p2) G = g 0

LCDMCSM

2 A2
mGA

(QT/B/MTSM,W éTDMTSM)

traceless part trace



Matching with Form Factors

® Form factor for the scalar current
Y : SM quarks

qg9=P1—P
Trace of the energy-momentum tensor : TV = —m i (p,)u,(p)

Matching from quark to nucleon : (N(p,) | m, | N(p))) = Fg(q*)myiin(py)un(p;)

J. Zupan et al (1708.02678, 1710.10218)

If g=0, (N(p) | m,yrig|N(p)) = f7, myiin(p)iun(p) Tl 0023 | f,| 0017
mass fraction of light quarks in Td
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

0032 | f7, | 0017




Gravitational Form Factors

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

' 1
(N(p) | T}, | N(pp)y = iin(p2) |AG)7 Py, +B(q2) : p(ﬂ 6,,4" + C(g*)— (qﬂ%—nﬂyqz)] up(py)
oy

1
2\T 2 2
= — 2A(q ) ,+ m—MN(Pz) [B(q ) P ,Mq + Cg )99, — 1.9 )] un(py)
— N
All defined inside nucleon. mass fraction 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.

0 ) ) Z. Abidin and C. E. Carlson
. wecanset A(g°) #0,B(g") =C(g") =0 (0903.4818)

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



Gravitational Form Factors

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

' 1
(N(p) | T}, | N(pp)y = iin(p2) |AG)7 Py, +B(q2) : p(ﬂ 6,,4" + C(g*)— (qﬂ%—nﬂyqz)] up(py)
oy

1
2\T 2 2
= — 2A(q ) ,+ m—MN(Pz) [B(q ) P ,Mq + Cg )99, — 1.9 )] un(py)
— N
All defined inside nucleon. mass fraction 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.

0 ) ) Z. Abidin and C. E. Carlson
. wecanset A(g°) #0,B(g") =C(g") =0 (0903.4818)

Therefore, the traceless partis (N(p,) | TY,|N(p))) = Fr(g*)T,,, with Fi(g*) = - 2A(¢g%)

) F0) Loy iR my CTEQ
If g=0, (N(p)|T},|N(p)) = — (Pﬂl?y = ZmNg,uv>uN(p)uN(p) u2) + u2) 0.22+0.034
My d(2) + d(2) 0.11+0.036
1 SE% + sj%% 0.026+0.026
i ¥
and Fy(0) = y(@)+p(2) = | dily) + 0] b(2) -+ 6 | 0012001
0

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



cffective Operators

® FElastic scattering of WIMP & Nucleon Fitzpatrick et al (1203.3542, 1308.6288)

Li(X) = CPHT)IO,Y () PET)ONPp(X)

N
o Amplitude : Z (cgn)(’)gn) - C,Ep)(’)gp)) O; is formed from the O, and Oy
i=1

® 4 basic Hermitian quantities

—1
R L\ v
|. Momentum transfer ¢ v
2. Relative perpendicular velocity 771 =7 + 4 .
2uy 9

3.Spin of WIMP 'S,

—

4.5pin of nucleon §

11 —

g =0

where My :reduced mass of DM and nucleon and vV’



cffective Operators

NR
Spm 0. 2.0,
172 (ZX)(NN) 4m, myOT"
= N/ LA 4, m)?
1/2 ()()()(KUNZG —N) 4_72@11\11{ _ 16m2mN@13\IR
mN Ny X
q,  _
1/2 (P, Zi0"—= £)(NN) —4qu G2O0NR + 16m,m3ONR
N
q _ A
12 (Fic"—p)(Nic,,~—N) LGN — 20N
My My mN
m
_A_X=2mNR _ 4,.,2 ANR
1/2 (Pﬂ)?ia””i ;()(KyNia”ﬂﬂN) 4 ( 07" —4my037)
. X (G2 — d4m my ONR)
0 (S*S)VN) 2myONR
0 i(S*d,S — S9,S*)(Ny*N) mgmyONR

2me(€la 6;)@11\11{

4’.’””1%7(?1\; ' (?1,2 X mi) )

N
mx(ﬁ%lfR — 4mzO%®)

10
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Fffective Lagrangians

Unsuppressed operator for
DM-nucleon scattering

Fermion DM (‘ ‘3
c%cwm)?m]%, 72 72 ) 472
g)(effz [{6FT 1 + + ) __FS @TR—SFTﬁgR——FT@LLNR
’ 2mzN? _i_ 3mg 3m)% 3 7 mmy "

8m T 4m 4m
__NF 1 + q_ @?R NF @NR + —FT@NR@NR
m, 8my m, m,

Scalar DM
CsC,y mSmN q°
. _ £ 121 @NR
S.eff = 2m2A2 [ g SE 5 2m§>] 41, e

As a result, leading terms are independent of DM spins.

dp o dp -
Dimension (27)3 2EaN and /(%)3 QEQ;T) per each nucleon & DM state are to be multiplied.



Differential Event Rate

dR),

dRp/dER(KeV-")
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by dmformfactor mathematica package Fitzpatrick et al (1308.6288)



13

Relic Density Condition

Dark matter can annihilate into SM quarks or Spin-2 particles

mg=150 GeV, cy=Cy=Cs=Cx=1 A=3 TeV, cy=c,=Cs=cx=1, Qh?=0.1198
1E ‘\‘ * 500j\ L L S i
B \\ Fermion DM
i , — ——— Scalar DM ]
i \‘\ 400- ATIAS = & » | -=---- Vector DM |
107~ TR 0000 T
- 2 —~ 300 .
meg - Qh 5 O 12 (%5
A : K
€ 200" .
1072
- [] XENONAT ,
- [ fermion DM 1000 f e ]
. [ scalar DM XENONAT
. vector DM A
10—3 1 L1l / 1 [ | 3 07"" S
1 10 0 ‘X 10 0 100 200 300 400 500
Resonance mpm(GeV)

at 2mpM~mg

® The relic region below mpm=250 GeV is excluded by direct detection,
except the resonance region.

¢ [f we consider gluon contribution, relic density lines will be lower.
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Dark Matter Relic Density - Bounds |

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

2
v
TDM_N = —milvg (ZJL}?M + (A= 2)f)M)?

DM _ CDMMNTMDM
T 2 A2
dmg A

My 2 M
. DM _ pin 0 7" e
c.f.—scalar med. (Higgs portal) Jon mN(;bzu:,d,szw Y Tt @b—zc;,t mw)

Y. Mambrini (1108.0671)

® ATLAS dijet constraints to BR(G — qg). g 0T T T T T
z - ATLAS === Theory (gq=0.5)
| | L el
q q q q T 1 Photon channel Expected limit 16
< - Expected limit +2 ¢ ]
X X “T B
N
Tt e
o
Z
©
q q q q 102 _
y a
10_3 I | I 11 1 | |- ‘ |1 | | 11 1 | - ‘ 1 1 | I |
100 120 140 160 180 200 220

ATLAS (1801.08769)  Mz[GeV]

S —




Dark Matter Relic Density - Light DM

MpM 5 10 GeV

me(GeV)

10

NA=3 TeV, cy=c,=Cs=cx=1, Qh?=0.1198

| ‘———— Scalar DM
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we

CDMSIite2015

2 4 6 8 10

Relic density condition
Mediator resonances become
important.

dRp/dER (KeV~")

Light dark matter experiments constrain strongly
: DarkSide-50, CDMSlIite and so on.

mpu=2 GeV, mg=4 GeV, \=1 TeV

1000 \ \ \ \
.~ Ar
N
105-2%
\ W
-"‘§~:\
ST =S
o —— \\ .-‘~~
0.100 - XN DS CC T
L N
\\ \ \\\\ i
\ \ SO
v =
\
0.001 ¢ Y -
\
| \
I | ‘ ‘ | I I | I
0.0 0.2 04 0.6 0.8 1.0
Er (KeV)

DarkSide-50
CRESST Il ('®0)
CRESST Il (*°Ca)
CRESST II (W)
CDMSilite

XENON10

Differential event rates for fermion DM
in the current direct detection experiments



Summary

We have introduced the effective operators up to dimension-8 due
to the massive spin-2 mediator and the effective Lagrangian using
oravitational form factors.

We show the differential event rates for DM-nucleon scattering via
spin-2 mediator.

The relic density condrtion i1s constrained by direct detection and
LHC dijet searches.

When the gluon coupling is sizable, we have to consider gluon
contribution - work in progress



Back up



Effective Operators

Interactions Other interactions
involving spin-0 or | mediator not involving spin-0 or | mediator
LO >0 = Ly NLO =01 = Sy - (Sy x 7)
_ 142 . . -
O = )7 On = (S T)(Sy - =)
~ q — | my
O3 = Sy (— xT7) -G -
L O = i(Sy  —=)(Sn - 77)
LO _’04 — X N m];_[,
S 7 O15 = —(S, - —)((Sy x 7+
Os = iS, - (—L x o) 1 (me)((NXU)
mn R q -
- = 7 O = —((S, xT+)- —)(S
0 = B -L)Ex- L) N
my my \
gL ,
NLO{g7 - E,N 5 AQ
p— -V
° * O = 015+q—2012,
N

Fitzpatrick et al (1203.3542, 1308.6288)



Energy-Momentum Tensor

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

, 1
. ™ = _Zux(l‘@)( — 6(f; + ko) + 16mx) Uy (K1)
Fermion 0 |
DM ‘ T;LCV — _Zax(k2) (7,,,(761;/ + kgy) + %(klu + k2u) — 577;“/(%& + %2))’&)((/{1)
T = —(4m% — 2(ky - k2))
Scalar
DM T = —(ky Koy + kopki, — 177 y(ky1 - ko in the momentum space
K H H 2 H
TX = 2mmape” (k)€ (k)
. 1 «
Tlfl(/ - _( gfcﬁw,aﬁ + Wiw,ap + §m§(77ﬁw77aﬁ) e (ki1 )e ﬁ(k2)
e Curas = Muallus + Nuallus = Tuwag
Ww,aﬂ = —Uaﬁklp,kbu — %a(lﬁ - ko Mvg — kmk?Qu) + Uuﬁklukza
1

—5%1/(]{15]{72@ — ky - ko 77045) + (M A V)-



Gluon contribution

C

DM ‘D™ DM DM e DM DM DM
| 7
i € + ¢, 4 ... »

mew G MA&MA/ g
g 3 g g g g p
Tree One-loop
Trace part: frg~1-— Z fr,  for scalar current
u,d,s

- . =~ 1 1 7 1
Trac;ai;l;ee © (NP TE,IN(p)) = m—N(pﬂpy - Zm]%]gﬂy)G(z)uN(p)uN(p)a G(2) = L dx xg(x)

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



DM annihilation cross section

1 H. M. Lee, M. Park and V. Sanz (1306.4107)
SpMm = )

2 2 6 2\ 2 2
(V) e s = V- Necyey X TN 3+ 21y
XX— PP 7o \4 (4m§< _ mé )2 + I%m%; m2 m2

|~

4,2
cemy (1 —ry)? 2
. x ' X Mg
o)y = =\~
( )XX—>GG 167mA4 T;l((Q _ TX)Q T <m)(>
SDM — O
3
N.c2c2 6 m2\ 2 2m?
(00) g5 = V" - Sﬁ 2 TZS? e ( _—12”) (3+ ;p)
360mA* (mZ, — 4m%)? + I'amg, mg mg
4ckm% (1 —rg) r (mG>2
_ 2CgMg ST\ .
SDM 1 3
(ov) AN m§< BT R P
ot = e gt ()

mg \ 2
my

A4 2
4m T—r
X VLZIX (176 4 102 + 1404k — 3108k +11057% +362r% +34:%)

3247 A4 r% (2 — rx )2

(ov)xxs6a =



Indirect Detection

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

mg=100GeV, Einasto, Model B

mg/Mx=0.999, Einasto, Model B: vDM

narrow y-ray box

1.00 : 1.
050 Fermi line Fermi d.G. i 05
Fermi G.C
020+ |
02
= 0.10 - 3
vector DM ¢ £
0.1
005 -
HESS line 0.05
002+ DM |
| | | relic | | | |
10 20 50 100 200 500 1000 2000 0.02 5 10
My[GeV]

50
Mx[GeV]

Astrophysical bounds are DM spin-dependent.
Therefore, we can distinguish DM spins from Indirect detection.

mg/Mx=0.6, Einasto, Model B: sDM

1.00 1 . : : 1.00
scalar DM
050r 1 0.50
0200 Fermi—LAT _z#?
' 22> 0.20
0.10 ="
A0 25> E <
2% DM \§ 0.10
0.05 relic
0.05
0021 —
P ' | 0.02
001p wide y-ray box
1 | N N

L L | |
50 100
My[GeV]

n A A
500 1000

mg/Mx=0.6, Einasto, Model B: {DM

fermion DM

Fermi—LAT

wide y-ray box

1.000

0.500

0.100

0.050

m(;//\

0.010

8 0.005

Ly I
50 100
My[GeV]

PR -
500 1000

l
100

| |
500 1000

mg/Mx=0.6, Einasto, Model B: vDM

vector DM

Fermi—LAT

"~ wide y-ray box
,% lb 56 l(I)O 5(I)O 1060
Mx[GeV]



Spin-dependent cross section

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

2 2 . -
Slim(A) — plim P I SlimA) _ lim Hn 1 Nucleus| 2| J | &) | &) | GG | /G
p A 2cric A2 cn/C 9F 9 1/2 0477 -0004 9.10xI0-  640xI0°
Hx “altp KPa CA
BNa |1 3/2 0248 0020 137xI0-'  8.89xI04

3Ge 32 9/2 0030 0.378 14/x103  2.33x10!
127153 5/2 0309 0.075 [1.78xI0-"  1.05x10-2
129Xe 54 1/2 0028 0359 3.14x103  5.16xI0-!
131Xe 54 3/2 -0.009 -0.227 1.80xI04 [.15xI0!

1 i ~ ol ~ P
with assuming that o4 ~ o0, and o0y ~ 0,

Cp J+ 1 Ch J+1 :
where A _*% < B ( Jeas + 274, 295, 35Cl, 39K, 93Nb, 125Te also ...
Cp Cn
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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




