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DM seen in.various scales in the universe

rotation curve
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pie chart of the universe

Dark Matter

Dark Energy
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WIMP <SM

DM candidates: thousands of them

annihilate
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 WIMP. hunting

Direct search

Indirect search
- Collider indirect

Dark Matter seqrches in the 2020s :>
DM
V]

At the crossréods of the WIMP
collider

WIMP hunting

SM

Syr‘nposnu on next-generation collider,
direct, and indirect Dark Matter searches

SM

coi_ C BRIV T | KASHIWA DARK MATTER SYMPOSIUM 2020

16-19 November 2020
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WIMP hunting
indirect

o Coﬂider Dark matter searches
at colliders

Dark Matter searches in the 2020 - Tokyo
11-13 November 2019

Dark Matter

Conclusion - Cheat sheet

; Signature Dataset Reference
Theoretical framework

Di-lepton resonance 139 fb 1903.06248

1901.10917, ATLAS-
Di-jet, Di-jet + ISR, 139 fb-1 CONF-2019-007,
1808.03124

Di-bjet 80 fb-1 ATLAS-CONF-2018-052
Di-jet + leptons 80 ol ATLAS-CONF-2018-015
SM particle Dijet + photons 36 fb-1 1905.10331
Etmiss + Higgs 36 fb-1 1908.01713
Etmiss + t/ttbar 36 fb-! 1901.015653
Etmiss + jet 36 fb-t 1712.02345

s. Rev. Lett. 122 (2019)
231801
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EFFECTIVE FIELD THEORIES H invisible 36 fb-

ATLAS DM summary 36 fb-1 JHEP 05 (2019) 142




WIMP hunting

e Indirect Search

 WIMPs dnnihilate @ Galactic Center,
Dwart Galaxy, sun:::

No.conclusive result yet

- anti-particle

g "‘ NASA/AMS
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Direct Detection
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V,=220km/s

Direct Detection

‘ | » A | direction

Physics Letters B 578 (2004) 241-246
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Er+DIRECTION

DRIFT, NEWAGE, MIMAC,
CYGNO,CYGNUS (gasTPC)
NEWS-DM(emulsion)

DAMA, DM-ICE, COSINE,
SABRE, ANAIS, PICOLON (Nal)

DEAP(Ar)
XMASS (Xe)
(light + charge)

XENON, LUX,
PANDA-X,LZ (Xe
DarkSide (Ar)

(photon + heat)

CRESST
(Caw04)
* Technologies
* Ordinary radiation detectors
« Background: electron recoll
(charge Er (charge)

e more than two info
+ heat)

= reject electron BGs PICO (CxFx) CoGent CDEX
CDMS (Ge/Si) DAMIC,SENSEI (Ge)




limit
WIMP-nucleon cross section [cmz]

History

Direct search history

* leading technologies
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Direct Search Review

1. Mainstream : Large Detectors
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DAMA, DMJICE, COSINE,
DRIFT, NEWAGE, MIMAC, SABRE, ANAIS, RICOLON (Nal)

CYGNO,CYGNUS (gasTPC) DEAP(Ar)

¢ D/ \ I\/l / \ ( N a I ) NEWS-DM(emulsion) XMASS (Xe)
(photon + heat) (light + charge)

CRESST XENON, LUX,
(Caw04) PANDA-X,LZ (Xe
DarkSide (Ar)

S

e AT S I - E: (charge En(charge)

O(CxFx) + heat) CoGent CDEX
CDMS (Ge/Si) DAMIC,SENSEI (Ge)

EDELWEISS (Ge) NEWS-G (Ne)

« SOMETHING Is detected

Eur. Phys. J. C (2008) 56: 333-355
DOI 10.1140/epjc/s10052-008-0662-y

DAMA/LIBRA 2 -6keV

DAMA/LIBRA -phiasel (1.04 tonxyr) ——t———t———i—> | Gt DAMA/LIBRA phase2 (1.13 tonxyy) =ttt
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—xplaining DAMA with BG

Eur. Phys. J. C (2012) 72:2064

On the Cosmic Ray Muon Hypothesis for DAMA

arXiv:1205.3675v1

it
! *> MUON
1000 1200 1400 1600 1800 2000 2200 2400 DAMA

days since Jan 1, 2001

=
o
=

o
5
-
=
=
U
[
[=

PRL 113, 081302 (2014)
« Solar neutrino has largest flux in winter. (Sun closer.)

Fitting the Annual Modulation in DAMA with Neutrons from Muons and Neutrinos

—————————————————————
Amplitudes of the neutrino and muon components mmm  Best-fit Neutrino+Muon Signal = Component Neutrino Signal
o~ . o~ *\| == Component Muon Signal 191 1@ DAMA Data (2 - 6 keV)
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Eur. Phys. J. C (2014) 74:3196
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» Othex Nal detectors . ot S

COSINE-100 Multiple-Hit

« Annual modulation measurement
 Consistent with null and DAMA, yet.
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 Annual modulation measurement
(NEW) incompatible with DAMA L e e

Energy [keV]

arxXiv:2103.01175vl1

North and South

=
=

—— DAMAJLIBRA result

—o— ANAIS-112 best fit

Pure crystal

Need to be stay tuned.

o sensitivity
exposure 3.0y
20 sensitivity
exposure 3.0y
3o sensitivity
exposure 3.0y

modulation amplitude
(cpd/kg/keV)

[1-6] keV  [2-6] keV




 DAMA | Strong tension with other nucle;

PRL 109, 181301 (2012) Physics Letters B 682 (2009) 185-192
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Egx+DIRECTION

DAMA, DM-ICE, COSINE,
DRIFT, NEWAGE, MIMAC, SABRE, ANAIS (NaI)

» Liquid.Xe/Ar : double-phase (liquid+gas) [ ss—_——-"

(photon + heat) / {light + charge)

CRESST . XENON, LUX,
(Cawo04) PANDAX,LZ (Xe)
e ©) DarkSide (Ar)

Zi=il
(charge Er(charge)

PICO (CxFx) J-hieab) CoGent CDEX

CDMS (Ge/Si) DAMIC (Ge)
GETWIMPS2019 EDELWEISS (Ge) NEWS-G (Ne)

Double phase detector principle The Time Projection Chamher (TP
P P P PMT - ) XENON detector

2 7eil8a - - 248 3” low-bkg PMT
. . . . . . “ 7R ) 5 1 m driizwx ﬂ;gm S
' = ' — 2 tons active LXe
— largest LXe TPC built

filled and functional
since May 2016

- PMT array

gas Xe
liquid Xe Fietd cage

PMT array

Inner cryostat

Outer cryostat

light yield

S1 at 100.5 us S2 at 251.8 us

600
500
400
300
200
< 100

mplitude (pe/bin)
Amplitude (pe/bin)

4] (o]
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 248 250 252 254 256 258
Time (us)  +1.002e2 Time (us)

M. Lindner MPIK




Dark Matter Search Results from a One Ton-Year Exposure of XENONIT

- Some events in RO PRL 121, 111302 (2018)
« ER : radon Nneutron : neutrons from « particle

red:nuclear recoil (signal) region
gray:BG (electron) region

ER M Surface Neutron I AC N WIMP
Electron Accidental

R [cm]PRL 121, 111302 (2018)
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« XENON1 T11ton ¢ year result
fitting

—ER — Surface

neutron

— CEvNS —AC W IMP
Total BG (1.3 1) Data(1.3 1)

= Total BG (0.9t) ® Data(09t)

T e
jm'_-*‘g“ eertes, |

Events / (bin width = 1)

¢ 4.1 X104 "cm™? @30GeV
 |.eading the direct detection
« SUSY" predictions are investigated

RESST DAMIC (2012)
(2019)
DAMIC (2016)

CDMSlite (2016) DAMA: allowed

DarkSide-50 (2018) \ COSINE (2018)

XMASS(2018)
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Panda™-4T 2021 (this work)
Panda®-IT 2020

XENONIT 2018

LUX 2017

PandaX-4T 2021 Median Sensitivity

Phys. Rev. Lett. 127, 261802
arXiv:2107.13438

10 10°
WIMP Mass [GeV/c’]




-

"
=
-
=
=
o
L
W
W
o
o
=
>
]
—
a
al
—
=
=
o

IIIIIﬂ'I] I IIIII| IIIIIIII|I IIIIIIII| /I

PHYS. REV. D 101, 052002 (2020)
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Direct Search Review

2. New lrend : Low Mass DV



limit
WIMP-nucleon cross section [cmz]

Direct search history

 Bolometers
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 Bolometers

Latest results of CRESST-III's search for

sub-GeV/c? dark matter

Holger Kluck
on behalf of the CRESST collaboration
16th International Conference on

Topics in Astroparticle and
Underaround Physics (TAUP2019)

September 10, 2019

« May 2016:
10 CRESST-Ill modules
installed

« Jul 2016 — Feb 2018:
data taking (80% blinded,
20% training set)

« Detector A

CRESST-IIl detector

- |lowest nuclear récoil
threshold so far: 30.1 eV

« Target crystal mass| 23.6g
« (Gross exposure: 56kgd

« [arXiv:1904.00498],
accepted by Phys.Rev.D
- this talk

DRIFT, NEWAGE, MIMAC,

CYGNO,CYGNUS (gasTPC)
NEWS-DM(emulsion)

DAMA, DM-ICE, COSINE,
SABRE, ANAIS, PICOLON (NaI)
DEAP(Ar)
XMASS (Xe)

(light + charge)

(photon + heat)

CRESST XENON, LUX,
(Caw04) PANDA-X,LZ (Xe
DarkSide (Ar)

3

Er(charge)
CoGent CDEX

DAMIC,SENSEI (Ge)
NEWS-G (Ne)

IENGEED) (charge
PICO(CxFx) g heat)

CDMS(Ge/Si)
GETWIMPS2020

EDELWEISS (Ge)

CRESST-IIl result

—— CRESSTI 2019 -eee CRESST surface 2017 ——- CRESST-I2016 oo CRESST-l 2014
- CDEX 2014 — . — CDMSlite 2015 CDMS-Si 2013 SuperCDMS 2014
CoGeNT 2013 DAMIC 2016  eeeeeeees EDELWEISS-Ill 2016 — - — EDELWEISS surf Migdal 2019
---------- EDELWEISS surf stand. 2019 Collar 2018 ——— COSINE-100 2018  ------- DarkSide binom. 2018
- LUX combined 2016 — - — LUX Migdal 2018 ——— NEWS-G 2018 — —— PandaX-l 2016
——— XENON1t 2018 - XENON100 low-mass 2016 PICO-60 C,F, 2016

10° T — =TT

Dark Matter Particle-Nucleon Cross Section (pb)
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» X
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Cross—section [em”] (normalised to nucleon)

—4i

DAMIC

arX1v:2007.15622v1
pioneer of lew threshold

arXiv:2004 . 11378v]

skipper CCD
sensitive to single electron
DM-=-electron channel

107°% —— DAMIC
PLB 711 (2012) 264-269

htip //dmtools.brown.edu/
Gaitskell,Mandic, Filippini

0.59 7 "'-q e T CRES-SI-
threshold 40ev "% TE====

WIMP Mass [GeV/c’]
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DRIFT, NEWAGE, MIMAC,
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DAMA, DM-ICE, COSINE,
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Lia. noble gas: S22 only analysis

PRL 121, 081307 (2018)

PRL 121, 081307 (2018)

Double phase detector principle
PMT

— DarkSide-50 2018
DarkSide-50 Binomial Fluctuation
Dark8ide-50 Mo Quenching Fluctuatiord
— HEWS-E 2018 - CODEX-10 2018
LY 2017 — XENON1T 2017
— PICO-60 2017 PICASED 2017
==« COMELite 2017 — CEEEST-III 2017
== EDELWEISSE-III 2014 PandaX-II 201&
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. == CDEX 2016 CRESST-II 2018
—.==« SuperCDME 2014 COMS1lice 2014
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PRL 123, 251801 (2019)

* Improved 4-7 GeV limits
* note: lighter nucleus (Ar) is better for low mass WIMPs

PRL 123, 251801 (2019)
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Direct Search Review

3. Others



DAMA, DM-ICE, COSINE,
SABRE, ANAIS, PICOLON (Nal)

DRIFT, NEWAGE, MIMAC,

l I ' CYGNO,CYGNUS (gasTPC) XMDAESASP((Qr))

u e C a er NEWS-DM(emulsion) e
7

» Superheated chamber Goen + e

(Caw04) PANDA-X,LZ (Xe
- Threshold-type detector .
- Best SD sensitivity

CoGent CDEX

DAMIC,SENSEI (Ge)
NEWS-G (Ne)

Hugh Lippincott, Fermilab
for the PICO Collaboration
EDU 2017
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PICO-60 C,F, G5k 52kg
Complete Exposure 1167kgdays
2.45keV threshold

10 10° 3 events remained
WIMP mass [GeV/c*

._;,ow many bubbles can you count?
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* Fluokine advantage

[sotope

Abundance(%)

Hmag

N2T(J+1)

unpaired nucleon

100
92.5
80.1

0.4

2.793

3.256

2.689
—0.283

0.750
0.244
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0.087

100

2.629
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100
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0.0
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Hugh Lippincott, Fermilab
for the PICO Collaboration
EDU 2017

Scaling to PICO-500

Dark Matter Mass [GeV/c?]

500 1000
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DAMA, - Xenon (Sl), Fluorine (SD)

2-6keV

DAMA/LIBRA -phiasel (1.04 thnxyr) =——t————> ! €———+—— DAMA/LIBRA-phase2 (1.13 tonxyr) =——————i—>

Residuals, cpd/kg/keV

Time. d

S2-only Migdal

S2-only NR

E
&,
c
o
£
@
w
w
w
o
by
G
c
=]
=]
e
o
o
=
[
w

PICO-60 C,F,
XENON1T, Laura Baudis Complete Exposure
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Dark matter particle mass [GeV/c?] WIMP mass

DM-nucleon cross-section [cm?]







|

signa

.
. e

)

R

=

*
AR
>~

-

-~

L

4 SN

. ¥ N

. .. 'S e
: - ; . )
, »

- . . S




¢ XENON ER excess arXiv 2006.09721 (to appear in PRD )

https://web.bo.infn.it/xenon/sito_web Bologna/docs/
xenonlt _er excess 20200617.pdf

Il ER M Surface Neutron I AC B WIMP

< for NR search

PRL 121, 111302 (2018) iV 2006.09721
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 Energy scale & Efficiency
« Both confirmed independently
« Demonstrated with 220Rn calibration data

calibration

arxXiv 2006.09721
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« Radioactiveisotopes (¢14Pb. radon daughters)

- Solarv ~ ===- 83mKy
133y 124y 0
- Materials 131my e — By
- 136 - 125] ] SRI1 data
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 Excess between 1-7 keV

« 285 events observed

« 3.3 o Poisson fluctuation

arXiV 2006.09721

. 232 events expected (BG only) IR




« 320
e 3H/Xe=(62 £20) X 102 mol/mol

 [wo possible source

¢ cosmogenics. made from xenon by cosmic-ray
« atomosperic: H,O (HTO) or H, (HT)

(a) Tritium

« 100 ppb level of H, can
explain this amount.

® L 63.(:%2 < ‘1K)K)k)

Events/(t-y-keV)

15 20 25

Energy [keV]

**ilable, we can neither confirm nor exclude it
as a background component. Therefore, we report re-

« Compared the significance with other sources.



-

Tritium
favored over
background-only at
3.20
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Neutrino magnetic
moment (see backup
slides) favored over
background-only at
3.20
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() Solar axion
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Columbia University
JSPS Postdoctoral research fellow

Masatoshi Kobayashi

EXPECTED SENSITIVITY: TRITIUM VS ER SIGNAL (AXION) ?

12

Expected o

214ph: 1 pBafkg (XENONNT goal)
214ph: 3 pBa/kg
#1pPh: 5 nBgfky (achieved in SR2)

il

3 4
Exposure [t-y]

» Discrimination power between
axion and tritium

» Note: BGs are based on 1T
best ﬁ‘[

» [f Rn BG level is enough low,
axion/tritium could be
distinguished with few month of
data

» Ex. —4 sigma with 1-3 uBq/kg







« And still lower: MIGDAL PRL123, 241803 (2019)

PRL123, 241803 (2019)
10~ | L. Sp}n—independem

10~
10-32
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CDEX (MIGD)
CRESST-II — CDMSlite e 572-only data (XENONIT)

10~4 LUX (MIGD) —  DarkSide - SI-SEdmallHKEN{}[‘i]Tk = PRL123, 241803 (2019)

L0
0.08 0.1 0.2 0.5 1.0 FIG. 1. Ilustration of the ER signal production from BREM

m Z[GEV!’CE] (green) and Migdal processes (pink) after elastic scattering
between DM () and a xenon nucleus.




* MIGDAL effect ?

« calculated (predicted)
* nuclear recoil = excitation / ionization
« caused by a sudden change of the
« small probalbility

* reformulated
s energy momentum conservation
* probability conservation

can be used for DM search

Migdal effect in dark matter direct detection

EK[)EI’iITIEHtE

FIG. 1. Illustration of the ER signal production from BREM
(green) and Migdal processes (pink) after elastic scattering
between DM () and a xenon nucleus.

Masahiro lbe,*? Wakutaka Nakano.” Yutaro Shoji® and Kazumine Suzuki®




e Low~_mass WIMP search by MIGDAL effect

LUX: PRL 122(2019)131301
EDELWEISS: PRD 99(2019)082003
CDEX: PRL 123 (2019) 161301
XENON: PRL 123 (2019) 241803
SENSEI: arXiv:2004.11378v1

S2-only Migdal
PRL123, 241803 (2019)

S2-only NR
[. Spin-independent

DM-nucleon cross-section [cm?]

XENONIT, Laura Baudis
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« Why MIGDAL observation is difficult”?

electron track ~0.1 keV
« K energy resolution
« < spatial resolution

Xe (qe = m. X 107%)

FIG. 1. Illustration of the ER signal production from BREM
(green) and Migdal processes (pink) after elastic scattering
between DM (y) and a xenon nucleus.




* Migdal ghallenge

Observation of the Migdal effect from CERN-UK

nuclear scattering using a low g D
. https://indico.cern.ch/event/872501/contributions/3730586
pressure Optical-TPC Jattachments/1985262/3307758/RD51_mini week Pawel
_Majewski_ver2.pdf

Pawel Majewski
Rutherford Appleton Laboratory

RD51 mini-week, CERN, 10-15 Jan 2020

Detection capability of Migdal effect for argon
and xenon nuclei with position sensitive
gaseous detectors

N

. . - * . 11 e '_J 7 . -~ 14 - ':_
Kiseki D. Nakamura!, Kentaro Miuchil , Shingo Kazama®, Yutaro Shoji?,
Masahiro The*? and Wakutaka Nakano®

Prog. Theor. Exp. Phys. 2021, 013C01 (14 pages)
DOL: 10,1093 ptep/ptaal 62




Observation of the Migdal effect from
nuclear scattering using a low

¢ Straightforward method pressure Optical-TPC
 Nuclear track +electron track with gaseous detector el Majowsi

o Demonstrations OK ‘|:OI" Rutherford Appleton Laboratory
nuclear recoil / electron recoil each.

RD51 mini-week, CERN, 10-15 Jan 2020

O-TPC at CERN (from F. Brunbauer) O-TPC at UNM (from D. Loomba) -

2D reconstruction

Field cage Triple-GEM stack

UNM setup: + 25-35 Torr CF4
« Finger Lakes CCD with 1Kx1K C00 Cainera
E2V chip, with 13x13 pm’ pixels gk + 2THGEMs (G >0.7 mm)
+ lens to imaging plane ~20 cm + Imaging area ~1.9cm x 1.9cm
20 mm Extension Tute

* 4x4 on-chip binning

Data acquired using following sources:

» Fe-55 (5.9 keV x-rays)

» Co-60 (Y’s)

+ DD neutron generator (~2.2 MeV n’s + y’s)
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Detection capability of Migdal effect for argon

Sy P and xenon nuclei with position sensitive
* Detect characteristic signal gaseous detectors

“two—cluster’ events

« Help to reduce huge background
distance between clusters PTEP(2020)ptaal62

- . - . . ' - u r). 7 . ~ O - ":-
Kiseki D. Nakamura®, Kentaro Miuchi!, Shingo Kazama?, Yutaro Shoji?,
Masahiro Ibe?®, and Wakutaka Nakano®

Ar 1atm
expected SIG+BG

SIG: Migdal (cut3)

counts / day / cm

cluster A -- BG: intrinsic neutron (cut3)

1.nuclear recail cluster B

3.de-excitation X-ray
(Ede:«“)

4.de-excitation electron
(Enl - Edex)

2.Migdal electro?
(Ee)

any “MIGDAL anomaly” prediction?






 Directional search : concept "CYGNUS™

* Morexobust evidence than annual modulation
¢ Study-the BM-nature after discovery

DM HALO
|/

0 B . S

- ’.;: w_f-: " f," b
B : Tay S
b '."jf,
o

expected anguler distribution

Physics Letters B 578 (2004) 241-246

Ng: 12 events N :201 events

»
-..JA

f

- M=80GeV i RS {
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Ssll :
 5=0.1pb s Clear forvyard scattering
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-1 cOoS 9 1 e o . -." . et | ‘ . P —
(0 : angle between the nuclear recoil direction IR S s ' : ~
and constellation CYGNUS) X



World-wide CYGNUS

| T o “‘ﬂ; NEWAGE/CYGNUS-KM
CYGNUS-10 =i PRl Kamioka, Japan
Boulby, UK | LES Rl SFG/ CF4 ’
10m3 He:SF, v Strip readout
GEM + wire readout

2020 J. Phys.: Conf. Ser. 1468 012044

&

CYGNUS-HD10
SURF, USA
He:CF,:C,H,,
Strip readout
CYGNO-Initium
Gran Sasso, Italy

He CF, (SFy)
SCMOS+PMT readout

CYGNUS-0Oz
Stawell, Australia
R&D leading to 1 m3

. i S o multi-site observatory
Kentard Midchi ob




pe SKYMAP (measured DATA)

galactic latitude

-\WAGE (Kobe+)

u _Plc ) . - B . ) . — M =
SKYI\/IAP 180 160 140 120 100 80 60 300 280 260 240 220 200 180 ICICI|Ei N EWAGE Iimits
SD 90% C.L. upper limits and allowed region
10°

High spatial resolution
Spin—Dependent search

PLB 578 (2004) 241

PLB 654 (2007)58 .| s—

PLB 686 (2010) 11, PTEP (2015) 043F01S, TAUP2019
PTEP (2020) ptaal47  TikedaTAUP2019

M, v/



arXiv 2008.12587

» Realistic simulation (strip readout)

CYGNUS x 6 yrs

even 10m?3 detector

can start explering Xe neutrino
floor

:‘4.] :] 1"."'] ﬁ'-] ] }—1}1'[ WO CToss SO0t

=== Single electron threshold: 0.25 keV; [T55:5 Torr He:SFg)
) I —— Worst-case threshold: 8 keV, [755:5 Torr He:SF,
e Search mode: 8 ke, [760 Torr SFg]
---lIIII_---lIIII_---IIIII_---IIIII---lll

10" 10! 10° 107 10

WIMP mass [GeV/ r]



Toward discovery

Potential to search beyond the “neutrino floor”
where large detectors are reaching.

F. Mayet et al. / Physics Reports 627 (2016) 1-49

J Billard, L Strigari, E Fi -Felici Xiv:1307.5458 P TS PR .
illar rigari, E Figueroa-Feliciano arXiv 1 6667 = 3.3333 keV

Neutrinos

solar

A
Neutrinos Q/n?,NO Sgp:f\’ggi/;,o WI M PS
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« CYGNUS After Discovery: astronomy/cosmology

¢ Test the HALEO model
« (ex) Sagittarius stream

PHYSICAL REVIEW D 90, 123511 (2014)
- : Our GALAXY

expet‘:ted - _standard HALO

Leading arm\’..
/ Orphan

( stream
cs“" Xsa
Sagittarius ~ 1 // Major Il

P TS
\“ \ stream

Trailing arm

\\ galactic

coordinate




* isotropic (1-r) + anisotropic(r) DM HALO model indicated by n-
body simulation (r~0.3)

Discrimination of anisotropy in dark matter velocity distribution with

directional detectors

]&:311\0 [ Nagan Tcmmnon leeda , Ryota Yakabe
echnology, Niihe ':. ege, Nithama, Ehime 792-8580, Japan

Tatsuhiro Naka ¢, Kentaro Miuchi

Physics of the Dark Universe 27 (2020) 100426

* main observables. energy +
direction(8) =2D fitting
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« Some interaction provide characteristic angular distributions

angular distribution

operator Sl SD
—y O (
0.025 —e 0, | 1 : 0y, Oy,
%z —a O, 2
8 500 ° V] : 07, Og,
= o : Oy, 019, 011, O
— (j- : " " . Y
S 4,015 _ f,, ,, 9, Y10, Y11, Y12
Proportional toq v7 g~ 05,043, 04.
0.010 i 4
o q : 05, 0.
5 i
' 4(.2 | .2 :
q- (g~ +vy) :0s.
0.000 | | ' ' ' ' ' ' —4 LR
0O 20 40 60 80 100 120 140 160 180 q ;O] _
# (degrees) \

PHYSICAL REVIEW D 92, 023513 (2015)
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