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Dark Matter and neutrino physics

* Physics beyond the Standard Model.

* Interconnects particle physics, nuclear physics, cosmology, and
astrophysics.

SIS VES

neutrinos, dark matter & dark energy physics

European ITN project US HEP
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Dark Matter and neutrino physics at SJTU

* PandaX
* Dark Matter (WIMP) direct detection with Xenon TPC

* JUNO and Daya Bay
e Neutrino oscillation physics

* PandaX-Ill and CUORE
* Neutrinoless double beta decay

Members:

» 7 faculty; 6 engineers; 6 postdocs; 14 students
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Karl Giboni Changbo Fu Ke Han Yong Yang Ning Zhou
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Dark Matter

Dark Matter

Dark Energy

e Existence of dark matter is
firmly established
e Particle nature of dark
matter?
e WIMP?
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Observations




WIMP searches

Tracy Slatyer

X sM X X' sM X
X SM SM SM SM X
break it shake it make it

Indirect detection Direct detection Collider

Time
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“Dark matter rush” around the world

CJPL
PandaX
CDEX

Y2 Kamioka
COSINE XMass

OVZLO KKKKK k
LNGS
Modane XENONI1T
Canfranc EDELWEISS DarkSide Soudan
ANAIS MIMAC DAMA CDMS
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CJPL — Deepest underground physics lab in the world

Labs are built in mines (light blue) and

China JinPing Deep Underground Laboratory tunnels (dark blue and red)_
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Pa

Experiments at CJPL-I

ndaX hall at CJPL-II

PandaX projects
CDEX
JUNA (accelerator)

Jinping neutrino experiment (LS)

Storage Crane Crane Rn free Purge
platform

Offices

Class 10000 clean room Semi clean area
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PandaX at Hall B2

e Extra excavation for the water
shielding pool (finished)

e Shared facility of DM and Ovf3
searches

* Beneficial occupancy by the
beginning of 2018



PandaX Projects

PANDA A

PARTICLE AND ASTROPHYSICAL XENON TPC

Dark matter WIMP
searches

PandaX-l: 120kg LXe  PandaX-Il: 500kg LXe PandaX-xT LXe

(2009 — 2014) (2014 — 2018) (Future)
,/ PHYSICAL / /‘ |
REVIEW * OvBp searches
/* )
/ \
il PandaX-IlI:
e 200kg - 1 ton HPXe (Future)
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PandaX collaboration

® Shanghai Jiao Tong
University

® Peking University
® Shandong University

® Shanghai Institute of Applied
Physics

@® University of Science and
Technology of China

@ China Institute of Atomic
Energy

@ Sun Yat-Sen University

® Central China Normal
University

® Yalong Hydropower
Company

£ University of Maryland, USA

£ Lawrence Berkeley National
Lab, USA

() CEA Saclay, France
£ University of Zaragoza, Spain

= Suranaree University of
Technology, Thailand
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Best limit achieved
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Details at Xiangyi’s talk
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PandaX-xT

* Preparing new experiments in CJPL-Il, hall #B2

* Intermediate stage:
e PandaX-4T (4-ton target) with Sl sensitivity
~104 cm?

* On-site assembly and commissioning: 2019-
2020

* Eventual goal: G3 xenon dark matter detector
(~30T) in CJPL to “neutrino floor” sensitivity
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Neutrinos: what do we know

 We know three generations of =l &l
neutrinos: - @@ |- W | @ : ,H
e Electron _M:p _%:jm _”:oz 'l"':—”uon SolEh
* Muon 90| @
* Tau .| down || strange || botom || photon H
" Neutra! . 9. 0- 9| @|.
* Weakly interacting clecton || muon || zboson |5
(e[| (| (e 2
.0 W 0| @
* Neutrino Flavor transitions and G | glecton || muon || netlho ) | Whoson | &

mixing of massive neutrinos

 Two hierarchical mass scales
Am?, o

* Three mixing angles
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What are some open questions?

* Mass hierarchy: the sign of Am,;?
* Mid-baseline reactor antineutrino experiment

* Double beta decay experiment

The absolute mass scale
e Beta decay end-point measurement

CP violating phase 0.
* Long baseline accelerator neutrino experiment

The existence of sterile neutrinos
e Short baseline reactor antineutrino experiment

The nature of the massive neutrinos — Dirac or Majorana?
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Daya Bay and JUNO
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Far Hall

1

Daya Bay

AD 4+6 data points are displaced
by -50m and 50m for visual clarity
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Reactor Antineutrino Anomaly: 23°U or sterile neutrino?

* Daya Bay observed a flux
deficit in comparison to the
model calculation flux.

e Hint of sterile neutrino?

* More recently, observed
correlations between reactor
core fuel evolution and
changes in the reactor
antineutrino flux and energy
spectrum

o 235U flux calculation
problem or Sterile neutrino?
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Neutron Calibration Campaign

* At Daya Bay, inverse beta decay (IBD) to
detect antineutrinos
Vv.+p-oet+n Liquid Scint. (LS)

* Dominant systematic uncertainty for
antineutrino detection is the efficiency for
IBD neutron

Gd LS

* Extensive neutron calibration campaign at
the end of 2016

* AmC and AmBe (few MeV) sources along n-H canture n-Gd
three z-axes of the automated calibration U (2.2I\/IgV) (=8MeV)
units (ACU) o _Me

* Target: improve the IBD detection Jo0ob- —bata
efficiency (x2) = more precise reactor o0
flux measurement oo

L Lo L1 L P |
0 2 10 12
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MH determination with reactor neutrinos

e Determine MH with reactors: oscillation

probability independent of CP phase and 6., .

3
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Calibration

Central
detector

Central Detector:
* Acrylic sphere (0=35.4m) +
» Stainless steel latticed shell (0=40.1m ).
Liquid scintillator: 20 kton
PMTs:
e ~17,000 20” PMTs + ~25,000 3” PMTs
* photocathode coverage >75%.
Water Cherenkov:
e 35 kton pure water + 2,000 20” veto PMTs

25 T T T T
| Normal true MH

20 |

True MH (ideal)
s5kI=- - True MH (real)
False MH (ideal)
L |- = = False MH (real)

0 1 1 N 1 N 1 1 1 1 1 1 1 N 1 1
234 236 238 240 242 244 246 248 250
[AM2.0| (X107 eV?)

* With 6-years, determine MH at >3c (4c) for JUNO-alone (JUNO + accelerator experiments)

with the energy resolution < 3%/\/E(MeV)
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JUNO calibration system

* Goal: <3%/,/E(MeV) energy resolution, <1% energy scale uncertainty

ACU
Central cable
e

Automatic Calibration
Unit (ACU)

\‘ @ side 5%

] Calibration house

Spool

Two cable loop
systems (CLS)

Bridge

* ACU: Scan the central axis (1D)

e CLS: Scan one vertical plane (2D)
* ROV: Scan “everywhere” (3D)

* Guide Tube: Scan boundary

Remotely Operated
Vehicle (ROV)

Source storage

09/05/17 Ke Han (SJTU) 21



Neutrinoless double beta decay

* Explores the Majorana nature of neutrinos Majorana Neutrino
e Tests lepton number conservation vy
. AL=+2 V=YV

* OvBP is not just a neutrino experiment!
* Connects to broad neutrino oscillation physics picture

Example:

13%Xe — 13°Ba + 2¢™ + (27,)
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Neutrinoless double beta decay

y & o@D * Measure energies of emitted e’
> (universal approach)

* Electron tracks are a huge plus (unigue
feature of certain experiments)

* Daughter nuclei identification (ultimate

From Physics World d ream ?)
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Z-axis (mm)

* TPC: 200 kg scale, symmetric, double-
ended charge readout, with 10 bar of
136Xe

* Main features: good energy resolution
and background suppression with
tracking

NLDBD Event 214Bi Event
[ C E E_ =
—520F s E 840 :
o 2 -860 -
_ - - © [
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-580F - 920 ap
—~600F - ~940 3
C C -960 -
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L ! 1 1 L Lo 1 | 1 1 1 _980..|....|....|....|'_...|....|....
-120 -100 -80 —60 440 450 460 470 480 490 550 600 650 700 -250 -200
X-axis (mm) Y-axis (mm) X-axis (mm) Y-axis (mm)
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PandaX-Ill TPC illustrated

High Pressure — High Voltage Feedthrough

Vessel \ i) .
' e ~4m3 active volume

i} e 10 bar working pressure

< \&
o U
S L ¢ ~10000 readout channels
) a8
%@ Nl .
s \0/9 g e Xe+TMA gas mixture
g Mixture of enriched % 0 ------mmme- >
2 P*Xe and 1% TMA @ --------------- > * Charge-only readout with
© --emmemmenmee - _ _
S © -~ . microbulk Micromegas
= Drift electrons
3
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E Field E Field
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Prototype TPC at SJTU

16 kg of xenon at 10 bar (active mass within TPC)
* Single-ended TPC

Data taking with Ar, Xe, Xe+TMA at different
pressures

* Two Micromegas modules installed. Movable
source used for calibration

Shielded 241Am
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* Search for Ovpp of 13°Te and other rare
events

* 988 TeO, crystals run as a bolometer
array

» 741 kg total; 206 kg 13°Te

e 1027 130Te nuclei

Heat bath ~10 mK Thermistor

/

Absorber
«—
X \Energy
Thermal coupling release
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300 K
40 K

4K

600 mK
50 mK

10 mK
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* Search for Ovpp of 13°Te and other rare
events

* 988 TeO, crystals run as a bolometer
array

» 741 kg total; 206 kg 13°Te

e 1027 130Te nuclei

* 10 mK base temperature in a custom

Top Lead dilution refrigerator
Shield

Side Lead
Shield

Detector
Towers

Bottom Lead
Shield
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CUORE (Cryogenic Underground Observatory for Rare Events)

* Search for Ovpp of 13%Te and other rare
P events

* 988 TeO, crystals run as a bolometer
array

» 741 kg total; 206 kg 13°Te

e 1027 130Te nuclei

YGUORE 0. 0, % « 10 mK base temperature in a custom
Cuoricino

dilution refrigerator

* Gran Sasso underground lab (LNGS),
Italy

* 3600 m water equivalent
* Muon Flux at LNGS: ~3x10¢ u/(s cm?)
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2017: a great year for CUORE

* Data taking started early this year

* First physics result in July

Future

e CUPID (CUORE with particle ID)

Enrichment

Phonon + photon dual readout
Multiple crystal choices

Active discussion of CUPID-China
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Conclusions

* Very active mega-group on dark matter and neutrino physics
* WIMP search
* Neutrino oscillation
* Neutrinoless double beta decay

* PandaX, the Flagship experiment founded and led by SJTU, has been a
huge success

* World-leading results
* In China: pioneering effort; broad impact

* International collaboration in both directions
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