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There are so many DM
models Llocaked ok
different mass scales.

A few p_article dark

axion
sterile neutrino
SUSY DM
¢ neutralino in MSSM
* Bino/Wino/Higgsino/Photino
* sneutrino
* gravitino
* decaying gravitino
* gravitino with large messenger
mass
» split SUSY DM

* bound states for Sommerfeld
enhancement

* bino in E;SSMwith massless
inert singlets
* neutralino from axion decay
* NMSSM DM
* mixed axion/neutralino
* invisible photino
* etc., etc. etc.
Kaluza-Klein DM
leptophilic DM

leptophilic from non-abelian discrete

symmetry
asymmetric DM

scalar singlet DM
superGUT unified

mirror DM

matter theories:

* non-thermal from decay of moduli
* resonance with momentum
dependence

* helicity modification due to QED
corrections

* dipole moment interacting DM

» dark instanton

* bosonic gas DM

* anti-baryonic

» ultra-light bosonic DM

« invisible photino

* T13 flavor symmetry decaying DM
* hydrodynamic vacuum DM

« dilatation anomaly DM

* bulk viscous unified DM

* ELKO field DM

* two singlet DM

» cosmic braneworld ultra-light DM
» superheavy quark clusters

* luxino

* non-canonical kinetic term DM

* branes filled with scalar fields

« real gauge singlet

* Higgs portal

* number theory DM

* asymmetric sneutrino

 modified Ricci model DM

* vacuum solitons

« complex singlet scalar

* D4 x Z2 flavor group DM

* non-minimal KK DM

» axion portal cascade

«light (MeV mass) DM

,——‘/ :
two singlet DM
“interacting DM
isospin violating DM

mnert Higgs

skyrmion in littlest Higgs
model

techni-dilaton DM

type-1I seesaw mSUGRA DM
vector DM

goldsini

WIMPless DM

inert triplet DM

vacuum solitons

BEC from U(1) symmetry
breaking

eXciting DM (XDM)

inelastic DM (iDM)

flavor SU(3)Q triplet/singlet
isospin violating

axion-like repulsive DM

D6 flavor symmetry

warped Radion

G2-MSSM

gauged right-handed neutrino

integration constant Horava
DM

tensor-four-scalar

scalarons in R2 gravity
secluded DM

etc., etc., etc., etc., etc.

Taleen ﬂfrom Crriest (2,014-)1




WIMP—nucleon cross section [cmz]

Fubure prospect for WIMP direct detection

s Direct debection will

o close WIMP windows
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Mokivakions /

E?xperi;mem%s review

Dark Matter effective theory

- DM and nucleus response function
- Isospin conserved and violating

- Astrophysical uncertainties

Fitting and resulk

Sum mMary



Confiquration of PandaX, LUX, and X17T

o PandaX and LUX are bobth a du&twtpkase XeNnon
&&mempro\}ec&on chamber.

o 250 Kg (LUX) , 8s00 Kq (PandaX), and 1042 Kq
(X1T). We use exposure 3.35e4 day-kq for LUX,
3.3e4 day-kg for PandaX, and 3.5e4 day-kg

for X1T.
—_—
Outgoing
Particle e The X17T is a ton-size debtector.

Incoming
Particle

° S1: primary scintillation signal.

* 52: the drift ionization charge produce photon.



Backqground discrimination:

@ Rodius r of the event Location., 3

| Eleckron recoil B

@ Depth z of the event signal.
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FIG. 1. WS2014-16 data passing all selection criteria. Fiducial 6
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25 Backqground discrimination:
/ @ Rodius r of the event Location., Q&diu s &M(i &QP%L\

/ @ Depth = of the event signal.
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Efficiency

LCLene Y 7> = 2mrQ.

| S S SN S - R i .l b uni>b°o

m— (uality cuts only

m— adding S| range cuts

S

0.8

m—— adding S2 range cuts

== adding BDT cut 5/ : I A
06 N

e

1 10 10°
Nuclear recoil energy (keV)

Nuclear Recoil Energy (keV)
The overall efficiency of LUX is blue Line times black
and PandaX is black one only, (Vfew keV to 30 KeV)
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Events atter Cuts

LUX
PandaX PandaX LUX _ InLrux = InL;(m,,R).
run-%¥ run-9 RKWS2013 W52014-20 XENONLT -i=ws20132,w;2014-16 '
16 B S.i (R) 12
—2InL;(m,,R) = Sro(my)/164]

NGT NGT

244 T oY 44 L 07
r@.por%ﬁd r&por%&d +0,11-0,7

We need the kails of
NOT NOT Likelicod functions.

1
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Reconstructed and Combined Likelihood
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Reconstructed and Combined Likelihood

The error bar of
PandaX is larger than
LUX. This can expmim

whfj LUX can
conskrain the

F@arame&er space
further than PandaX
even with the almost

same exposure.
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With an equ&i weiqght for PandaX, LUX, and X1T,

we are able ko combine their Likelihood.
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WIMP-nucleon EFT

» Standard paradigm: spin-independent and spin-dependent dark
matter-nucleon interactions

A
dor omr 1 _iqer;
dEr  2mv2 (2jy +1)(2J + 1) Z (Fi ; € (Hs1 +Hsp) |1)

spins

one-body DM-nucleon interaction

nucleus & DM state

» Underlying non-relativistic Hamiltonian » Underlying non-relativistic Hamiltonian
HSI = Z b‘,-]lxILNtT — Z C;-]].XN tT HSD — Z adr O * CTNtT — Z CZSX . SNtT
7=0,1 7=0,1 7=0,1 7=0,1

Taken from Caktena (2016)
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Relevant Scales

3
§ I A\ — heavy mediators X X
Simplified models, or “SM-EFT" + DM \f/
I vew — electroweak symmetry breaking /
five-flavor QCD + DM
my, — b-quark threshold

four-flavor QCD - DM

m. — c-quark threshold
three-flavor QCD + DM

Aqgcp — chiral symmetry breaking

(ultra-)light

(Heavy Baryon) Chiral Effective Theory

v.qg — DM-nucleus scattering kinematics

NR theory of nuclear response

Joachim Brod (TU Dortmund) Chiral DM EFT 9 /23



01— s 00— 1%, (S x )

my
Oy = iSy - (mi\, X »‘ri) O =iSy - 71
5, & & TN -0 o -1 mediako
O.-l = S\ " SJ\' Oll — I'S«\' . m;qw SF r SP T’
OazzS\.-(,—T%X\L) 2 ,.
O — (5 _CL) (g _CL) S 01: traditional spii
6 — X my SN my ‘ N . . |
b _ & ol w\c&epev\d@m&
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Matching: High energy &heorv to
Low energy Qpﬁraﬁur

(@

L, = z A((Id) Q((zd), where é&d) = A;— T - 07 =1Lln, 05 = (vi) Lydn,
a,d Oé\":]_]_x_gN. ({"_Lx 7:3\")’ szgx.gl\,,
5 € i uv 5 € ,_ Vo r = . iq - 7 - 7
Q) = (X" X)Fu . Q5 = g5 (0" i75X) Fyu | o =5 (rx Lyuy, 0¥ = (5, L) (5w L)
oY =1, (Sx-71), OF = (S, -7.) 1y,

6 _ _ 6 _ _ N_g (M g N _ s g
0f°) = (x71.:X) (@), Q%) = (X1 5X) (@ q), O =5+ (.- Sv), Off = ~1 (Sw ).

6 _ _ 6 _ _ = ig -
0%) = (x71:X)(@7"754) 0Y) = (X1 5X) (@ 159) ON = =(Sc- o) ix Ot = S+ (S x 7).
(7) - a’s _ Gal_“,Ga (7) o as - | GaﬂyGa 7 . . . | . ,
1 = 19~ (XX) R Q2 — 19 (XZ ;5)() R Magnetic dipole interaction, Q'7/4, cqi=1:
(7) — Ds (o \qanvGa (7) _ Qs (oi N GaprGa & ~ 0.00116171
3 87T (;\.;\.) T3V Q4 871-( ’)5X) p AmX
7 _ \/= 7 . _
) = ma(xx)(qq) Q') = mg(Xivsx)(dq) , 0.0138082
7 _ \/= 7 _ _ :
L) = ma(X)(Tiv59) QL") = my(¥15X)(759) - “ The Matching
1) o 1) o ) 0.00436302
0.4 = Mq(X"'x)(70,09) Qio.q = Mq(Xio"5x)(30,:1.9) e

0.0121728
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Effect of NLO operators — meson exchange

1/R [kg day]
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Response function

We follow the conventions of Ref. [4] and the differential event rate of scattering between

DM and target per time per detector mass as function of the recoil energy @) is given by

dR . _.do
50 ZgT Po / vf(v+ve)d—d3v, (3)
Q T TN Ju>vmin(Q) ¢ @ Spin-independent (“M"): eg. O =1, 1pn
where differential cross section is L
o o 2 @ Spin-dependent ("Y', ¥"): e.g. Oy =Sy - Sy
@ — 902 <|MNR >spins .

T . NIAY p __ C iqg
o Nuclear angular momentum (“A”): eg O =5, - (Sp x 1)
and the averaged amplitudes can be written as

2

. 47 i , 5 ,
2\ TT 12 17T
Ml = 577 5| X B (v ) W

7! “k=MXY’X"

Rli: DM response function
Wie: Nuclear response function
2 _

q / q I
| R (v, — | W™ (v)
2 k T » 92 k
miy; ~ SN,
VU k=d" "M, D' A AY ’

I IVq; i > IV\ [ |lguasicoherent

we also label the response type by using the notations M, A, ¥/, 7. &, and ®”, which refer o WM ~ O( A2 )

to the DM current by vector charge, vector transverse magnetic, axial transverse electric,

axial longitudinal, vector transverse electric, and vector longitudinal operators, respectively 0 WZ p W): y W A W AT A O( 1)
9 y .
17



1s0s PEM conserved and violak E;M.g

C_prC_p and C_n*xC_n must be Llarger than zero.
However, C_p*C_Wh can be either positive or negative,
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This ratio is not fixed value!




Astroph

WIMP Wind
_—

ysical unce

Astrophysical nuisances

po (GeV/em™)|0.32 £+ 0.02
vo (km/s) 240.0 £6.0

Vpse (km/s) 541.28%3:?3

7
7
7

[7] Yang Huang (Peking University), et.al.

2 o “do ., . .. .
/ Vo / d / £(7 + 7.) sin 6
U>VUmin (Q) 0 0 CIQ

b < TR — e RO, - (7+7))
) + Ve m3/295 x Norm

L‘Q}SXactions at each value of WIMP mass. Nuclear-recoil
energy spectra for the WIMP signal are derived from a

standard Maxwellian velocity distribution with vy =
220 km/s, ves. = 544 km/s, py = 0.3 GeV/cm?, average
Earth velocity of 245 km/s, and a Helm form factor.

For velocity depemdemﬁ opara&ors,
how could we ignore this
if there is signal?






mx is fixed ot given value.

Ci'p, CU

U IsC: CE,AF?:CE,AW

if ISV: Ci'p and Ci™n are two free
parameters,

Local density varied and Pro{ited‘
vO varied and pro«f&t&dq

escape velocity varied and erwfiteci‘

(Poisson+Craussian)

Paramwebers and Lilkelihood

LUX: WSR013+WS2014--16
(Gaussian)

PandaX and X17T: rung+runo+X1T

Astrophysical nuisances

po (GeV/em™)

vo (km/s)
Vese (Km/s)

0.32
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541.28F 1!

+ 6.0
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The upper combined
Limiks of operators

e 01 and 04 are only kwo vel.cwc&v
Emd@.pemdemé operators, 01: spin
imd@.pemdem& ﬁumpomemﬁ 04: spin
d@.pemden& aamyamem&

o As expe&&ed, the constraints from 04
Ls weaker than (1.

o Those Limits for nuclear spin
dependent operators (07 and 010) are
always wealker than DM spin depam&em&
operators (0% and 011),

o Wy ~ C’)(AQ)

o Wy, Wgr ., Wa , Wayr ~ O(1) ”TCI) > Ir\ [
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o (03 vs 08) shows an o posite
picture with (07 vs 0‘2’§ and (0lo
vs 011),

2 q 1

o The Limit for 012 is stronger
than 09 because the response
function of 09 is prugar&omat
WS T T R T ko exchange moment,
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Only 01 and 04 change mi;i.cli.v ab small mass region,
but all of operators are achieved to a constant at large mx,



Conclusion

e We are able to combine THREE &Mc{epamd@\% Likelihood
functions from latest PandaX, LUX, XENONLT data.

o A bebter combined Limit on each effective coupling for
both isospin conserved and violating cases.

e The asEropkjsi;«r:&L uncerktainkies and E;sospi;m violating
se&ups are both Propertv Faleen inko accounk,

o A stabistical mwoaxinmum Lsosy‘m COMF)LEMS violating ratio is
reporﬁedﬂ
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Dark Matter evidence

rolational velocity
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The strategy of DM hunting

2

i,

o ® SM SM > DM DM.
P75 Measurement of the
SM DM missing energy at the DM DM
colliders
® SM DM > SM DM.
Measurement of the
recoll energy of SM
particles.
@ DM DM > SM SM
- OM Measurement of the DM DM
flux of cosmic ray.
% @ DM DM > DM DM. (o o)
Astrophysical —
structure

L
e

gx.f .“J>

N
’

P

~—

)

%
S
l

®Darke Makter is EXPECTED to have wealk inberaction bebween SM and DM bubk ik is nok
necessary to be.

@ However, without weale interaction bebtween DM and SM, mebthod 1-3 are useless,

@WIMPs search i this era is very important.
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fective
Lagrangian

Ay effective Lagrangian
con be the combination of
non-relativistic operators.

Only J=6,7,9,10,12,13,1% are
summing more than one
operaﬁors.

Note Ci (hown-relativistic

coefﬂ:wiev\ﬁs) Ls ot ai,wafj

equal to di (relativistic

coebficients).



Isos F:EM conserved and violak g

1f ‘bMﬂproﬁom and DM-neutron &oupiiv\gs are ot
the same, especially for the case that the ratio of
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The upper combined Limits of operators

--—- lsospin violating 95% CL ‘ ---- Isospin violating 95% CL
—— |sospin conserving 95% CL —— |sospin conserving 95% CL

o Comparing 06 and 013, the ISC
Limiks are similar bubk 15V Limiks
differ around one order of

101_...11 b el b 101_...11 bl S - .E¢ :
10 10 10 10 10 10 VM , { i ,
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10° S — L 10° ' Tty — ' , , ’
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o 015 has § vectors combination
and the difference between ISC
and ISV are swallest thawn other
14 opera&;rsﬂ
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